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Abstract 
This thesis describes the design, synthesis and characterization of metal complexes 
incorporating Schiff base ‘core units’. Metal-directed assembly or the use of functionalised 
metallo-ligands as building blocks are both employed as synthetic strategies to obtain well-
defined higher-ordered discrete metallo-supramolecular assemblies. The properties and 
potential applications of these products have also been probed. This has included an 
investigation of variation of the steric nature of ligand type and the type of associated metal 
ion(s) and guests. This has led to systems displaying molecular recognition and interesting 
magnetic properties, including single molecular magnet (SMM) and spin-crossover (SCO) 
behaviours. 
The initial studies (Chapter two) focussed on the formation of a metallo-supramolecular 
dinuclear helical cylinder, [Fe2L3](BF4)4, from a new semi-rigid ditopic ligand (L = (1E,1'E)-
N,N'-(oxybis(4,1-phenylene))bis(1-(thiazol-4-yl)methanimine)) via metal directed assembly. 
This ligand was selected for investigation since it was anticipated that it might yield a 
metallo-supramolecular product that exhibits a small central cavity or another well-defined 
architecture, such as a metallo-macrocycle or even a universal 3-ravel. In addition, 
thiazolyimine groups are incorporated in this ligand system; the presence of this group has 
been shown to promote SCO properties in other ligand systems when bound to Fe(II) ions. 
The metallo-supramolecular chemistry of partially flexible ligands of this general type have 
been less investigated in SCO studies. Thus, the resulting dinuclear helical cylinder [Fe2L3] 
(BF4)4 was investigated by variable temperature X-ray crystallography, ESI high resolution 
mass spectrometry, CHN analysis, FT-IR and UV-Vis spectroscopy. The nature of the spin 
transition was investigated by magnetic susceptibility measurements, and confirmed by VT-
SCXRD and X-ray photoelectron spectroscopy. [Fe2L3](BF4)4 displays a complete spin 
transition with a gradual-abrupt character at T1/2 = 348 K and represents a new example of a 
dinuclear Fe(II) complex exhibiting a spin transition at high temperature. 
In a further study (Chapter three), a large discrete face-capped tetranuclear Fe(II) cage, 
[Fe4L4](BF4)8·n(solvent), was synthesised via metal-ion directed self-assembly. The cage is 
formed from a rigid tritopic ligand L that incorporates chelating imidazole-imine functional 
groups. The cage displays temperature-induced spin-crossover and LIESST effects and is 
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amongst the largest Fe(II) tetrahedral cages with such properties reported. The synthesis, 
structure and magnetic properties of this new metallo-cage are presented. 
In an extension of the above studies (Chapter four), a flexible N4S2-donor three-fold 
tripodal Schiff-base ligand L (L = tris(2-(((E)-thiazol-4-ylmethylene)amino)ethyl)amine ) 
was synthesised. Complexation resulted in the formation of a new Fe(II) complex, 
[FeL](BF4)2, that displayed a high-temperature spin transition. Structural characterisation 
revealed the complex exists in a 1:1 stoichiometric ratio in both the solid and liquid states. 
The intermediate plateau (IP) occurs between HS0.40LS0.60 and HS0.30LS0.70 (HS = high spin; 
LS = low spin) ratios over the region of ca. 190 – 170 K. A phase change occurs at the IP, 
breaking the symmetry, resulting in six independent SCO sites compared to one at the 100% 
HS and LS plateau regions, respectively. Variable temperature X-ray photoelectron 
spectroscopy (VT-XPS) shows that the SCO behaviour is completely reversible among the 
HS, IP and LS regions.  
In Chapter five, a description of the construction of larger metallo-ligands is presented. 
Two new tetradentate tripodal ligands (tris(2-(((E)-4-(pyridin-4-yl)benzylidene)amino)ethyl) 
amine and tris(2-(((E)-4-(pyridin-3-yl)benzylidene)amino)ethyl)amine) were synthesized via 
Schiff base condensation of tris(2-aminoethyl)amine (tren) with 4-(4-pyridinyl)benzaldehyde 
or 4-(3-pyridinyl)benzaldehyde in ethanol. Four Cu(I) complexes derived from both ligands 
and incorporating two different anions (PF6
-
 and I
-
), respectively, have been prepared and 
characterised by NMR, HR-MS, SEM-EDS, FT-IR, Raman and UV-Vis measurements. X-
ray structures for two complexes are presented. In both structures, the four-coordinate Cu(I) 
centres are bound within the cavity defined by the tren (tris(2-aminoethyl)amine) backbone. 
In such Cu(I) complexes, steric considerations dictate that the three uncoordinated pyridine 
nitrogen donors will have their coordination vectors oriented in a mutually divergent manner 
suitable for coordination to three different metal centres and thus are preorganized to act as 
new tripodal metalloligands. 
A higher level metallo-supramolecular assembly is described in Chapter six. The synthesis 
and characterization of a unique, slightly distorted square prismatic, box-like coordination 
cage of type [Cu6Dy8L8(MeOH)8(H2O)6](NO3)12•χsolvent obtained via  the supramolecular 
assembly between a non-centrosymmetric Dy(III) metalloligand and Cu(II) nitrate is 
presented. The eight corners of the box are defined by eight 8-coordinate Dy(III) ions while 
5-coordinate Cu(II) ions occupy the centres of its six faces. Cage formation was demonstrated 
by X-ray crystallography, ESI high resolution mass spectrometry, CHN analysis, SEM-EDS, 
FT-IR and UV-Vis-NIR spectroscopy. Magnetic susceptibility measurements indicate that the 
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complex behaves as a single-molecule magnet with frequency dependent out-of-phase (χ’’) 
component maxima below 2.5 K. 
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Chapter One 
Introduction 
 
 
 
Synopsis 
 
The design of suitable organic ligands and selection of right metal ions for 
favouring structure-specific self-assembly play important roles on the 
construction of discrete coordination architectures. 
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1.1 Supramolecular Chemistry  
Over the past three decades or so, supramolecular chemistry has been a fast-growing area of 
research that crosses the boundaries of chemistry, physics, materials science and biology.
1-11
 
As a result
 
it is a highly interdisciplinary field, with wide-ranging collaborations occurring 
between chemists, biologists, physicists and theoreticians, amongst others. A major aim of 
supramolecular chemists has been to mimic the role of Nature’s recognition and self-assembly 
processes in the design of synthetic systems, leading to the development of new functional 
supramolecular assemblies for specific applications, including as bioactive reagents. In 1987 
the Nobel Prize in Chemistry
12
 was awarded to Donald Cram, Jean-Marie Lehn and Charles 
Pedersen for the “development and use of molecules with structure-specific interactions of 
high selectivity”. Since that time there has been much continuing investigation into the use of 
self-assembly for the development of new complementary systems that are capable of 
exhibiting molecular recognition, as well as for a range of other applications. As such, 
supramolecular chemistry has continued to receive very considerable interest over recent 
years, motivated by the increasing range of potential applications as well as by the continuing 
development of new advanced functional materials. In 2016, after 30 years the Nobel Prize in 
Chemistry was again awarded to researchers in the field of supramolecular chemistry, with 
Jean-Pierre Sauvage, Sir Fraser Stoddart and Ben Feringa receiving the award for the 
development of “molecular machines”.13 
Supramolecular self-assembly is the spontaneous process by which molecules and/or ions 
aggregate to adopt a well-defined and stable arrangement under equilibrium conditions by 
relatively weak non-covalent interactions.
1-7, 11
 Such intermolecular forces are much weaker 
than the relatively strong forces involved in covalent bonds. These weak interactions include: 
1) electrostatic and/or electromagnetic interactions that are observed between charged 
molecules and ions; 2) hydrogen bonding as electrostatic interaction in origin, which is a 
“directed” interaction that often plays a crucial role during recognition; 3) van der Waals 
interactions are always important because they occur in all kinds of molecules; 4) hydrophobic 
interactions can play an important role for systems in aqueous medium; 5) π-π interactions 
occur between aromatic systems, and 6) metal coordination between a Lewis acid (metal ion) 
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and base (ligand donor atom). Therefore, effective and selective molecular recognition can 
often be obtained using appropriate combinations of the above-mentioned weak interactions, so 
arranged that they complement structurally and/or electronically the available functions on a 
specific guest molecule or ion. Additionally, such intermolecular non-covalent interactions 
between hosts and guests play a central role not only for synthetic host-guest complexes and 
self-assembled supramolecular arrays but are also throughout much of biomimetic and 
biological chemistry. Thus, supramolecular self-assembly is ubiquitous in Nature and underlies 
the formation of a wide variety of biological structures that range from relatively simple lipid 
bilayers through to more complex photosystems and electron transfer systems.  
As implied already, molecular recognition, as one of the key features influencing molecular 
self-assembly.
1-7,11
 It underpins the selective binding of specific cations, anions and small 
molecules, while in biological systems it is observed between pairs of receptor-ligand 
biomolecules, such as antigen-antibody, DNA-protein, sugar-lectin and RNA-ribosome, all of 
which exhibit very high recognition of the specific host amid numerous other molecular 
species. Double stranded DNA provides an excellent example of complementary molecular 
recognition that occurs by molecular self-assembly through its matched base pairs 
(complementary base pairing) on adjacent strands; hydrophobic effects and π-π stacking are 
also important to the function and structure of this important self-assembled biological system. 
1-7,11
 
As the limits of traditional synthetic methods are reached in terms of structural complexity 
and functionality, molecular self-assembly offers a synthetic strategy, offers a means for 
developing increasingly large and well organised aggregates with defined functions. 
Nevertheless, the successful construction of larger supramolecular and 
metallo-supramolecular structures remains challenging and the design and synthesis of 
individual systems are often representing both a considerable intellectual as well as practical 
outcome.
14-18
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1.1.1 Host-Guest Chemistry-DNA Binding and Drug Delivery 
An active area of host-guest chemistry
19-24
 is to design of effective chemical or biological 
sensors, which bind selectively to their targets. Therefore there is a need for the design and 
synthesis of molecular receptors in order to better characterize host-guest association patterns 
and to obtain novel binding features. The self-assembled, metal-ligand coordination molecular 
capsules are appealing as synthetic hosts for application as a fascinating class of size- or 
shape-selective dynamic molecular chemosensors and biosensors with various responses and 
metal-triggered functions. 
25-30
 
DNA Binding 
DNA binding and drug delivery using supramolecular assemblies has been a vigorous, 
fast-growing and fascinating area of research interest in coordination and supramolecular 
chemistry, and biological processes.
21,31-33
 It is a highly interdisciplinary field with 
wide-ranging collaborations between chemists, biologists, physicists, theoreticians, and other 
researchers. Furthermore, there is an essential aim for supramolecular chemists to try to 
mimic the role of Nature’s recognition and self-assembly behaviour through the design of 
synthetic systems, which can lead to the development of new functional molecules and 
bio-reagents for a specific application.  
In DNA binding, there are three classes of metal complexes form: Platinum complexes 
(such as cisplatin), which have been well-reported as the chemotherapeutic agents, mediate 
apoptosis at the G2 phase of the cell cycle predominantly through transcription inhibition and 
through replication inhibition processes, especially at high doses;
34
 Ruthenium complexes, 
which have unusual photophysical properties, can luminesence upon DNA binding;
35
 Iron 
helicates, which bind to a three-way junction of a palindromic hexanucleotide (Figure 
1.1),
36-40
 demonstrate a new mode of DNA binding and apart from providing valuable insight 
into important DNA structures appears to represent a novel approach towards achieving 
selective binding. Compared with organic DNA-binding agents, there has been an 
accelerating recent trend towards the use of metal complexes in DNA recognition. The 
reasons are: i) metal complexes can strongly bind DNA species by combining hydrogen 
bonding with electrostatic attractions; ii) a large number of metal complexes are known to 
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form coordination bonds in aqueous solution; iii) such complexes offer a uniquely modular 
system, allowing combinations of recognition elements to be assembled on a single rigid, 
three-dimensional scaffold; iv) DNA sequence recognition through intercalation can be 
modulated by tuning the shape and functionality of these metal complexes. Therefore, such 
metal complexes that recognize specific sites in DNA have great potential to be used in 
biological applications including early cancer diagnostics and chemotherapeutics. However, 
to date the main limitation of these metal complexes is their poor activity against some 
tumour cells due to intrinsic or acquired resistance. As a consequence, the development of 
high-affinity, sequence-specific DNA binding agents for representing rational drug design 
remains a significant challenge. 
 
Figure 1.1 a partial crystal structure representation of an disorder space-filling iron(II) helicate 
bound within the three-way junction.
36
 
DNA recognition plays an essential role in the development of highly efficient 
DNA-binding anticancer drugs which are aimed at destroying cancer cells without threatening 
normal cells. As mentioned above, over the last few decades, transition metal complexes have 
offered scope for binding and cleaving DNA under physiological condition enabling the 
design of highly sensitive diagnostic agents, not only because of their versatile electronic and 
structural features, but also due to their tuneable coordination environment and corresponding 
variable physicochemical properties. Cisplatin and related platinum based drugs are some of 
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the most widely used and most successful antitumor drugs employed in the clinic for the 
treatment of certain human cancers.
9
 An estimated 70% of patients receive these compounds 
as part of their treatment,
41
 even though they show severe toxic side effects which include 
nephrotoxicity, nerve damage and drug resistance. Recently, ruthenium(II) complexes (e.g., 
NAMI-A and KP1019)
42,43
 have been be considered as promising alternatives to platinum 
complexes because of their high anticancer activity with less severe toxic side effects 
compared to platinum drugs. However, iron is in the same periodic group as ruthenium (with 
a similar octahedral coordination environment preference) and is less toxic than platinum or 
ruthenium. Indeed, iron is the most abundant transition metal in the human body and is 
essential in many biological processes and a key element for the survival of cells. In this 
context it seems surprising that iron derivatives have not been widely investigated as DNA 
binding and anticancer agents. In addition, both hyperthermia
44
 (temperature) and 
photodynamic
45
 (light) therapies are recognised as treatment strategies which are both 
minimally invasive and toxic.  
Drug Delivery 
On the other hand, some cage-like metallo-supramolecular assemblies will be selected as the 
drug carrier to deliver the drug over an extended duration or at a specific time during 
treatment. Such delivery systems offer numerous advantages compared to conventional dosage 
forms including improved efficacy, reduced toxicity, and improved patient compliance and 
convenience. For example, Therrien has described a family of complexes based on 
hexanuclear ruthenium cages which are capable of binding hydrophobic molecules in their 
central cavity.
46
 Although cage-like metallo-supramolecular assemblies have shown promise 
for drug delivery because theoretically they could carry a drug in their central cavity to a 
desired location and then release the drug as a ‘payload’, there is still emergent pursuit in 
development of the new system for controlled drug release.  
Drug delivery systems can exhibit numerous advantages compared to normal dosage. 
These may include high efficacy, low toxicity, greater compliance and convenience for 
patients. Recently, the development of stimuli-triggered nanocarriers has been given much 
attention in regulating the load-and-release processes, especially in controlled release, which 
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can occur in response to the external stimuli, such as pH,
47,48
 enzymatic activity,
49
 redox 
activation, 
50
 light
51
 and temperature.
52
 
1.2 Metallo-Supramolecular Chemistry  
The incorporation of metals in supramolecular structures has, in many instances, enhanced 
both the form and function of the resulting structures. Metallo-supramolecular chemistry, as a 
branch of supramolecular chemistry, encompasses metal-mediated self-assembly processes, 
with metal to ligand coordination bonds acting as structural components in the assembled 
product. This field continues to produce a range of new materials, many of show unusual 
properties such as novel redoxactive, photoactive, conductive (including superconductive), 
catalytic and non-linear optical properties.
53,54
 Key considerations in studies of this type, are 
the careful design of the organic ligands and the appropriate selection of the metal ion(s). 
1.3 Ligand Design - General Considerations with respect to the present 
project  
Ligands, as fundamental building blocks, are designed with the appropriate features required 
for the formation of the synthetic target; for example, the correct number and spatial 
arrangement of the donor sites and the use of appropriate spacer groups between donor sites 
are key considerations.
54
   
The work presented in this thesis mainly focuses on Schiff-base derivatives incorporating a 
tripodal core or multi-topic core unit (Figure 1.2) designed as part of the rational design for 
achieving the syntheses of desired metallo-supramolecular assemblies. The specific 
Schiff-base derivatives employed will be discussed below.  
The use of tripodal ligands as a chelating motif has undergone widespread development 
over the years and nitrogen derivatives of this type have been demonstrated to form stable 
complexes with various d-block transition metal ions and f-block lanthanide metal ions.
55-58
 
Thus, 3-fold tripodal ligands were chosen for investigation in the present study as the 
presence of three pendant arms has the potential to form structures with the required metal ion 
coordination cavity and which also have the potential to act as a metallo-ligand for binding a 
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second metal ion, leading to the construction of heteronuclear structures that include novel 
metallo-cages. 
59-62
 
One of the aims of the present research was thus the design and synthesis of new functional 
ligands and the incorporation of these ligands into metallo-supramolecular assemblies. In 
particular, multi-topic Schiff-base ligand motifs incorporating imidazolylimine or 
thiazolylimine functional ligand systems have been employed for use as components for the 
formation of discrete metallo-supramolecular assemblies for use in the spin-crossover (SCO) 
studies reported in the published papers of this thesis. In addition, these studies will 
demonstrate that structural and electronic synergy between the metal ions and the organic 
species is critical for achieving targeted metallo-supramolecular architectures with specified 
physical properties (e.g., magnetic, electronic, optical, and transport properties). 
The organic components (Figure 1.2) employed in this study all incorporate aromatic or 
tripodal core units and/or spin-crossover functional sites – their choice was motivated in part 
by the availability of the extremely well documented metal coordination behaviour of these 
‘classical’ coordination entities. 
 
Figure1.2 Categories of ligands 
Ligand design for the system presented in Chapter 2-6 of this thesis was focused on three 
aspects involving nanomaterials/ supramolecular systems: 1) the use of designed metal-ion 
directed assembly for constructing new nanometre-scale supramolecular entities; 2) using 
metalloligands which incorporate a primary coordinated metal centre and secondary donor 
sites to be suitably oriented for coordination to a further metal ion; and 3) the investigation of 
magnetic properties (single molecular magnet-SMM and SCO). 
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1.3.1 Ligand Selection - Schiff-Base  
The Schiff-base derivatives, incorporating imine or azomethine groups, have been well 
established to be versatile metal coordinating agents whose metal ion coordination chemistry 
has now been investigated for more than a century.
63-65
 Schiff-bases represent one of the most 
studied ligand categories in coordination chemistry as they are easily prepared, exhibit good 
π-acceptor properties, and form complexes with most metal ions.66 The Schiff-base motif has 
also proved to be an attractive one for incorporation into metallo-supramolecular structures 
since it has the potential to be readily derivatised and, as a consequence, its electronic and 
steric nature may be “tuned” in a desired manner, potentially allowing it to match the needs of 
a given application. 
In particular, over the last few decades the use of Schiff-base ligands has drawn much 
attention because of their strong binding affinities for transition metal ions and the range of 
versatile molecular structures which are available for use in the development of new materials 
for applications such as molecular recognition, catalysis, enzyme mimicry and the 
development of potential imaging devices when coordinated with lanthanide ions.
63,67-70
 In 
addition, such organic ligands have played an important role in metallo-supramolecular 
systems, as their design can lead to a variety of configurations and different numbers of 
coordination sites that will affect both the crystal structures and properties. Schiff-bases can 
be readily synthesized via a nucleophilic addition reaction between an aliphatic or aromatic 
amine and a carbonyl compound to form a hemiaminal, followed by a dehydration to obtain 
an imine (Figure 1.3). 
 
 
Figure 1.3 Schematic representation of the formation of a Schiff-base. 
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The discussion presented below is to provide an overview of representative studies 
illustrating synthetic metallo-supramolecular strategies involving mostly metal-directed 
assembly processes and the metallo-ligand approach. 
1.3.2 Metal-directed Assembly  
The metal-ion directed assembly of some well-known categories of discrete molecular 
architectures (helicates, triangles, grids and boxes/polyhedra - see Figure 1.4),
16,71-73
 and 
especially those with interesting supramolecular topologies (catenane, rotaxane, trefoil knot, 
borromean rings and universal 3-ravel - see Figure 1.5),
74,75
 has received very considerable 
attention over recent years, because of specific applications in, for example, recognition, 
catalysis, magnetic materials and synthetic membranes for ion channels. The ultimate aim of 
metallo-supramolecular systems is to control the structure of the target product so that it 
exhibits expected properties and functions. So the design of suitable organic ligands and the 
selection of appropriate metal ions for favouring structure-specific self-assembly play 
important roles for the construction of the target coordination architectures. Thus considerable 
attention in this thesis is focused on the synthetic approach to be employed and the structural 
control of the resulting coordination architectures, especially for systems with 
multidimensional structures.  
 
Figure 1.4 Metallo-supramolecular architectures with metals at corners. 
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Figure 1.5 Schematic representations of complex molecular entanglements 
Metal-directed self-assembly of three-dimensional cage structures to give supramolecular 
architectures of nanoscale dimensions, is currently an area of much research activity due to 
their potential use in nanotechnology in such applications as molecular information storage 
devices, sensors, and electronic switches. By judicious choice of metal and multidentate 
ligand components, as mentioned earlier, the resulting polymetallic assemblies may exhibit 
unique redox, magnetic and photochemical properties, and in some cases have the potential to 
bind guest substrates. The most common role of metal ions in cage (or capsule) synthesis is to 
act as the vertices of a geometrical structure, connected by organic ligands to form the 
requisite shape. On the other hand, the organic ligands can be seen as self-assembling 
construction motifs that combine with metal ions displaying the required stereochemical 
preferences to yield the required three-dimensional cage-like architecture. 
The design and synthesis of coordination cages reported by Fujita et al.
29, 76
 using metal 
directed assembly is an example of the structures in Figure 1.6. Fujita showed that a slight 
change in the mean ligand bend angle critically switches the final structure between M6L12 
((where L = 1, 2,8-bis(pyridin-4-ylethynyl)dibenzo[b,d]furan),
77
 M12L24 (where L = 2, 
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2,5-di(pyridin-4-yl)furan)
78
 and M24L48 (where L = 3, 5,7-di(pyridin-4-yl)-2,3- 
dihydrothieno[3,4-b][1,4]dioxine) coordination polyhedral
79
 with the same square planar Pd
2+
 
ions being present (Figure 1.6). In a subsequent study, Fujita et al.
80
 employed a related 
metal-directed assembly process to generate a tetravalent Goldberg polyhedron which this 
time was based on 144 components consisting of 48 Pd
2+
 ions and 96 bent ligands. The central 
atom of the bent ligand could be exchanged from S to Se and the ligand bend angle changed 
from 149° to 152°. Thus, as illustrated by the above example, it is now becoming possible to 
design and construct both large and diverse metallo-supramolecular structures. 
M6L12 M12L24 M24L48
6 Pd2+ 12 Pd2+ 24 Pd2+
1; L 2; L 3; L
 
Figure 1.6 Schematic representations of three MnL2n structures (where L = 1, 2, or 3) 
77-79
 
Another successful example related to the above was reported by Nischke
81
 using 
subcomponent self-assembly in a one-pot reaction. This led to a new large discrete 
[Fe12L12]
24+ 
(where L = 4) capsule with an icosahedral architecture which contains a large 
cavity that is suitable for including guest molecules (Figure 1.7). The synthesis involved the 
in situ Schiff base condensation of a triamine (the three-fold symmetric core unit in figure 1.2) 
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with 2-formyl pyridine in a 3:1 ratio in the presence of Fe(II) triflate to yield a product of type 
[Fe12L12]
24+ 
(where L = 4). Unexpectedly, in this system a tetrahedral cage and a helicate were 
also generated as minor products in this synthesis. The 'self-sorting' in this case involves the 
spontaneous assembly of 60 individual components. 
 
 
Figure 1.7 Ligand, L and the X-ray structure of [Fe12L12]
24+
 (where L = 4)
81
 
For complex molecular entanglements, the universal 3-ravel (Figure 1.5 and Figure 1.8) as 
the first member of a new class of interwoven molecular nanostructures was reported by 
Lindoy and his co-authors.
82
 They firstly used the bis-β-diketone ligand 5 incorporating a 
flexible oxy-biphenylene bridge to react with iron(III) chloride in tetrahydrofuran (THF) in the 
presence of solid sodium bicarbonate. A discrete triple helicate with a dichloromethane 
molecule included in the central cavity was obtained by slow evaporation of the mixture of 
dichloromethane/ethanol over two days. Under similar condition to the above, a metal cluster, 
[Fe8L12] (where H2L = 5), exhibiting a (chiral) universal-3-ravel topology, was formed 
following the slow diffusion of diethyl ether into the initial (filtered) THF solution (Figure 1.8) 
and allowing the solution stand for three months in a sealed flask. 
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Figure 1.8 Schematic representations of the preparations of the universal 3-ravel and a triple helicate. 
X-ray structure of the dinuclear iron(III) triple helicate (dichloromethane molecule in space-filling 
representation). Crystal structure of the 3-ravel with a topology of the ravel connectivity.
82
 
1.3.3 Metalloligands Functionalised as Building Blocks (Parts of this section are based on 
the review paper: L. Li, D. J. Fanna, N. D. Shepherd, L. F. Lindoy and F. Li, “Constructing 
coordination nanocages: the metalloligand approach” Journal of Inclusion Phenomena and 
Macrocyclic Chemistry, 2015, 82, 3-12.) 
A metalloligand is a ligand system that incorporates a primary coordinated metal that directs a 
secondary donor site, or sites, to be suitably oriented for coordination to a further metal centre, 
or centres. This concept has long been exploited. For example, it has been employed to 
synthesise, via self-assembly, a wide range of discrete homo-and hetero-nuclear and 
framework topologies.
83, 84
 It has also been employed as one of a number of approaches for 
constructing self-assembled metallo-cage (or container) systems.
15, 16, 27
 The present project 
includes a focus on small discrete cage systems derived from three-fold metalloligands. 
In pioneering work, Raymond et al. rationally designed the bifunctional ligand (6) based 
on a phosphine-substituted catechol framework incorporating both hard (phenoxy) donors and 
a 'soft' (phosphine) donors (see Figure 1.9).
85
 It was demonstrated that this ligand reacts with 
the 'hard' metal ions Ti(IV) or Sn(IV) under basic conditions to produce the metalloligand (7) 
in which three catecholato units coordinate to the metal in an octahedral fashion, leaving the 
phosphine group free to participate in trans square planar coordination with PdBr2(PhCN)2 to 
yield the corresponding discrete cage (8). The structures of the Ti
4+
 and Sn
4+
-containing cages 
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were confirmed by X-ray analyses; each is a (achiral) triple mesocate exhibiting C3h symmetry, 
with the structure of the Ti(IV) derivative shown in Figure 1.10a. 
 
Figure 1.9 Formation of the cage 8 from reaction of two molecules of the metalloligand 7 and three 
PdBr2 units.
85
 
 
Figure 1.10 X-ray structures of (a) [Ti2L6Pd3Br6]
4-
 (where H2L = 6) and (b) [Sn2L6Pd3Br6]
4-
 (where 
H2L = 6); hydrogen atoms, counter ions and solvent molecules are omitted. Ti and Sn are silver, O is 
red, Br is dark red, P is orange and Pd is cyan.
85
  
In these cage systems both square-planar and octahedral metal sites are employed to define 
the overall final cage topology. A similar approach was also subsequently employed by other 
groups, with the results of these latter studies discussed below. 
In another study, the bifunctional fully-conjugated ligand 1-(4-pyridyl)butane-1,3-dione 9, 
incorporating an acetylacetone site was synthesised.
61
 Following deprotonation, the resulting 
acetylacetonato group is suitable for coordination to a hard metal, while the softer pyridyl site 
is again available for coordination to a second (softer) metal. This potentially bifunctional 
ligand was then employed for the synthesis of the tris-ligand complex, [AlL3]
3+
 (where HL = 
9). Two equivalents of this metalloligand react with three equivalents of ZnBr2 to yield the 
trigonal bipyramidal cage 11 (Figure 1.11). In this structure, three Zn(II) ions occupy the 
triangular equatorial plane of the cage while an Al
3+
 centre is present in each axial position. 
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Interestingly, both Al(III) sites have the same chirality within the one cage molecule, with 
both chiral forms existing in the crystalline state; that is, single crystals are racemic. 
 
Figure 1.11 Synthesis of the metalloligand and its cage derivatives. Al
3+
 centres are pink, Zn
2+
 centres 
are cyan, Pd
2+
 centres are brown.
61
 
As discussed later, the metalloligand ligand approach has also led to a range of more 
complex metallocages than the five-metal, trigonal bipyramidal systems discussed so far. In 
fact, when Pd(en)(NO3)2 (en = ethylenediamine) was substituted for ZnBr2 in the above 
reaction such a product forms; the bidentate ethylenediamine ligand is replaced by two 
pyridyl groups from two metalloligand ligands such that the larger cage, [Pd6(AlL3)8](NO3)12 
(where HL = 9) (12), is generated. This product displays a distorted face-centred cubic 
geometry (Figure 10). This self-assembled nanoscale structure consists of six Pd(II), eight 
Al(III) and twenty four 1-(4-pyridyl)butane-1,3-dionato ligands, with the Al(III) ions 
occupying the corners of the cube and Pd(II) ions capping each face. 
The one-pot reaction of 4-formylimidazole with tris(2-aminoethyl)amine in the presence of 
FeCl3 in a 3:1:1 ratio followed by addition of base yields the neutral Fe(III) metalloligand 13 
whose structure is shown in Figure 1.12
62
 In this species the free imidazole nitrogen on each 
arm is again oriented in a divergent tripodal fashion. Reaction of 13 with Cu(II) perchlorate 
led to dark blue crystals of a discrete cage of composition [(Cu
II
)6(Fe
III
)8L8](ClO4)12∙(solvent)x 
(where H3L = tris(2-(((E)-(1H-imidazol-4-yl)methylene)amino)ethyl)amine). The X-ray 
structure of the heteronuclear polyhedral cage cation, 13, in this species is shown in Figure 
1.12. 
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Figure 1.12 Synthesis of the discrete [(Cu
II
)6(Fe
III
)8L8]
12+
 (where H3L = 
tris(2-(((E)-(1H-imidazol-4-yl)methylene)amino)ethyl)amine) cage derived from the uncharged 
metalloligand 13; anions and solvent molecules are not shown.
62
 
Each of the eight Fe(III) centres in 14 has an octahedral tris(imine-imidazolate) 
coordination sphere. Twenty-four Cu-N(imidazolate) bridges are present to form six distorted 
square pyramidal Cu(II) centres incorporating either bound water or DMF as axial ligands. 
The diagonal Fe – Fe distance is 14.4 Å. The Fe(III) centres in each molecule have the same 
chirality, with both enantiomers being present in equal amounts in each crystal so that, overall, 
the bulk sample is racemic. 
In most of the heteronuclear cage systems discussed so far, the hardness/softness concept
86
 
has played a definitive role in differentiating the positions of the hetero-metal centres in the 
final cage structure. However, using a different strategy, Ward et al.
87
 utilised the kinetic 
inertness of the fac and mer isomers of the octahedral species [Ru
II
L3](PF6)2, where L is the 
potentially bis-bidentate ligand 15, to achieve a similar outcome. Initially a 1:3 mixture of the 
fac- and mer-forms of the above complex was obtained using a two-step ligand reaction 
around a Ru(II) core. These kinetically inert Ru(II) complexes together with labile Cd(II) ions 
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were then employed for the rational synthesis of a new heteronuclear [Ru4Cd4L12]
16+
 
cube-like cage in which the Ru(II) and Cd(II) ions alternately occupy different corners of the 
cube structure (Figure 1.13). During assembly, the tris-chelate Ru(II) precursor species can be 
considered to define four of the vertices while the Cd(II) ions react with the pendent binding 
domains to complete the cubic assembly (without scrambling of the two different metals 
present). In the resulting cage, the bis-bidentate ligand 15 spans each of the 12 edges (see 
Figure 1.14 for the mode of bridging) such that both metal ion types achieve a 
tris(pyrazolyl-pyridyl) coordination geometry. The two metal centres at each end of the long 
diagonal have a fac-tris(pyrazolyl-pyridyl) coordination geometry whereas the remaining six 
metal centres have mer-tris(pyrazolyl-pyridyl) geometries. Thus, each metal type occupies 
one fac and three mer sites. This fac:mer ratio that occurs in the cage thus conveniently 
equates with the 1:3 ratio obtained in the initial synthesis of the tris-chelate Ru(II) precursor. 
 
Figure 1.13 Alternate arrangement of the Ru(II) and Cd(II) metal centres in the assembled Ru4Cd4L12 
cube (where L is the potentially bis-bidentate ligand 15).
87
 
 
Figure 1.14 Schematic diagram showing the mode of bridging of the hetero-metal sites by the 
bis-bidentate ligand 15. Ruthenium centres are orange, silver centres are grey.
87
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Nitschke et al. have employed four-fold metalloligands as building blocks for the assembly 
of a heterometallic cubic cages.
88, 89
 Nitschke et al.
89
 employed a related metalloligand 
approach to generate a further cubic cage system – this time based on Mo(II) and Fe(II) metal 
centres. The reaction proceeds by the initial Schiff base condensation of 16 with four 
equivalents of 2-formylpyridine to yield the tetraimine paddle wheel structure 17 (Figure 
1.15). Further reaction of this product (six equivalents) and Fe(II) triflate (eight equivalents) 
results in assembly of the corresponding heteronuclear cubic cage of stoichiometry 
[Mo12Fe8L12]
16+
 (where HL = (E)-4-((pyridin-2-ylmethylene)amino)benzoic acid); the role of 
one paddle wheel in forming the structure is illustrated schematically by 18. Crystals of the 
cage were grown from acetonitrile following slow ether diffusion into the solution. The X-ray 
structure (Figure 1.16) revealed a symmetric face-capped cubic structure that, as expected, 
incorporates six dimolybdenum paddle wheels. The Fe(II) – Fe(II) distance diagonally across 
the cage is 18.7 Å. The Fe(II) centres in each complex ion are chiral, with both optical forms 
present in a single crystal so that the bulk material is racemic. The binding behaviour of this 
cage with a range of both neutral and anionic substrates has been explored in some detail.
89, 90
 
 
Figure 1.15 Schematic representation of the assembly of the cubic cage 18 via the four-fold paddle 
wheel metalloligand 17.
89
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Figure 1.16 X-ray structure of the symmetric face-capped [Mo12Fe8L12]
16+
 (where HL = 
(E)-4-((pyridin-2-ylmethylene)amino)benzoic acid) cage incorporating six dimolybdenum paddle 
wheels. Anions and solvents not shown.
89
 
The stepwise assembly of a further [M6M'8L8]
28+
 (where L = 
2-(pyridin-3-yl)-1H-imidazo[4,5-f][1,10]phenanthroline) cage has been reported by C.-Y. Li 
et al..
91
 In this case the moderately rigid ligand 28 was employed to synthesise the 
Ru(II)-containing octahedral complex 20 incorporating three peripheral 3-pyridyl groups. 
This trigonal species acts as a three-fold metalloligand towards Pd(II) to yield cages of the 
stoichiometry {Pd6(RuL3)8]X28∙(solvent)n (where L = 2-(pyridin-3-yl)-1H-imidazo [4,5-f] 
[1,10]phenanthroline; X = BF4 or NO3]. In this case coordination of the pyridyl pendant 
groups to different square-planar Pd(II) ions occurs to give each of these centres a PdN4 
coordination environment, resulting in formation of the cationic cage 21 whose X-ray 
structure is given in Figure 1.17 and whose geometry is best described as distorted 
rhombododecahedral.  
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Figure 1.17 Synthesis of the cationic dodecahedral cage {Pd6(RuL3)8]
28+
 (where L = 
2-(pyridin-3-yl)-1H-imidazo[4,5-f][1,10]phenanthroline) (21). Pd(II) is yellow, Ru(II) is orange.
91
 
1.4 Potential Application of Such Metallo-Supramolecular Assemblies 
1.4.1 Magnetism 
Due to the presence of unpaired electrons in many 3d transition metal and lanthanide ions, 
their incorporation into materials often give rise to magnetic properties for the resulting 
compounds and a large number of magnetic metallo-supramolecular assemblies have now 
been produced.
92-95
 For the development of new sensing/binding technologies, however, 
magnetism itself is often insufficient and the incorporation of some form of bistability, 
provided by two accessible magnetic states, is required. There is significant current interest in 
the development of magnetic materials that display stimuli-responsive bistability through 
either spin-crossover (SCO) or single molecule magnet (SMM) behaviour because the 
transitions in these materials can be highly sensitive to small environmental changes or the 
presence of external stimuli. Two successful examples of heteronuclear 
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metallo-supramolecular cages are presented below; these are prepared via a metallo-ligand 
approach and exhibit SCO properties and single molecule magnet properties, respectively. 
Spin-Crossover (SCO) in metallo-supermolecular assemblies 
The phenomenon of spin crossover (SCO) between high-spin (HS) and low-spin (LS) states 
of octahedral 3d
4
-3d
7
 transition-metal ions represents an important area of coordination 
chemistry. The spin transition between high-spin (HS) and low-spin (LS) states is highly 
sensitive to small environmental changes and can serve as a useful trigger for molecular 
switches in sensing analytes. Such external stimuli (temperature, pressure, electromagnetic 
radiation) give rise to variations in colour, spin state, metal-ligand distance, polarisability and 
dielectric constant of the sensing materials.96-101 Furthermore, it has been shown that abrupt 
switching and hysteretic behaviour can be achieved under ambient conditions. These unique 
properties are very useful for exploitation in the development of new materials for DNA 
recognition and drug delivery. In particular, SCO compounds involving Fe(II) in an octahedral 
ligand field have attracted much interest, both from a fundamental and an application point of 
view, since, by populating the respective t2g and eg sets of the d orbitals, the 3d
6
 valence shell 
may exist in either the diamagnetic (S=0) low-spin (LS) or the paramagnetic (S=2) high-spin 
(HS) state (Figure 1.18). 
Crystal Field Splitting for a 3d6 ion (Feoct
II or Cooct
III)
En
er
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Ligand Field Strength
(t2g)
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2 (t2g)
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High Spin Low Spin
T, P, hv
G
 
Figure 1.18 Schematic representation of crystal field splitting for the a 3d
6
 ion 
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However, a great deal of process has been recently made in the area of spin-crossover 
complexes involving discrete poly-/hetero-nuclear metallo-supramolecular derivatives, 
especially for cage/box-like architectures.  
As mentioned earlier, in the metallo-ligand approach three-fold metalloligands are derived 
from a covalently-branched tripodal ligand system incorporating primary and secondary metal 
coordination sites. On uptake of a metal ion into the primary metal binding site results in a 
fixed (or semi-fixed) orientation of the secondary sites such that they are mutually divergent 
and suitably arranged for coordination to three different metals. This is illustrated by the 
pyrazol-1-yl/pyridyl ligand system 22
102
 shown in Figure 1.19 where coordination of a Cu(I) 
ion in the primary binding site of 22 (to yield metalloligand 23) results in the coordination 
vectors of the pyridyl nitrogens (secondary donors) diverging such that binding to three 
different metal sites is promoted.
103
 
 
Figure 1.19 Synthesis and X-ray structure of the cationic 8Cu
+
/6Fe
2+
 nanocage 24 (see text) derived 
from the metalloligand 23 and Fe(NCS)2. Iron centres are red, copper centres are pink.
103
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Further reaction of this preformed semi-rigid metalloligand (23) with Fe(NCS)2 in a 
CH2Cl2/CH3CN solvent mixture was shown to result in formation of the "nano ball" 24 with 
composition 
[{Cu
I
(L)(CH3CN)}8{Fe
II
(NCS)2}3.33{Fe
II
(NCS)-(CH3CN)}2.66]·(ClO4)2.66·(CH3CN)n (L = 22). 
In this species the octahedral arrangement of the Fe(II) centres and the cubic arrangement of 
the Cu(I) centres results in an overall distorted rhombododecahedral geometry. This 
impressive metal-directed assembly reaction takes place in near quantitative yield over a 
24-hour period, with the three-nanometre diameter product displaying temperature, light and 
guest induced magnetic switching behaviour. 
In addition, spin-switch molecular systems in biology and medicine have not been reported 
to date and emerging research is opening the gate to spin transition metallo-suprmaolecualar 
materials. In view of this, it may be an opportunity in the development of novel probes for 
DNA using iron(II) SCO complexes that exhibit dinuclear triple stranded cylinders.
37-40, 104
 
Based on the above properties, metal-directed self-assembly of three-dimensional cage-like 
SCO receptors with mesoporous size may provide promising candidates for use as systems 
that can mechanically “open the door” to provide a release mechanism that is spin-controlled. 
Additionally, SCO between the HS and LS states involves a change in molecular volume, 
which generates “chemical breathing” in the solution and solid state. The “chemical 
breathing” may be used to modulate the transfer of guest molecules between two spin states in 
SCO materials. For example, the Fe(II)-ligand bond length in HS state is longer than that in 
the LS state by ca. 0.18 Å, so the molecular volume of the HS state is larger than that in the 
LS state. As a consequence, reversible exchange of a range of molecular guests (e.g., drug 
molecules) in a mesoporous SCO metallo-cage will be used to explore the switch-dependent 
control in the load and release process of drug molecules (Figure 1.20). At an applied level, 
drug carriers based on SCO-based receptors will spur the development of new advanced 
functional nano-materials for practical applications such as for membrane transport agents and 
drug delivery in biological processes. 
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Figure 1.20 Schematic representation of a hypothesis of a load-and-release process using SCO 
nano-size metallo-cage.
 
Metallo-supramolecular assemblies with single molecule magnetic properties 
A single molecule magnet (SMM) is a molecule that can retain an induced magnetic moment 
after removal of the applied magnetic field, leading to strongly hysteretic behaviour.
105-108
 
Because the magnetic moment is a property of the molecule rather than long range ordering of 
spins within a bulk material, significantly slower relaxation times can occur in SMM 
materials than in SCO materials. The former compounds are particularly attractive for 
information storage applications. SMMs require some degree of anistropicity and, of the 
first-row transition metals, the heteronuclear systems 3d and/or 4f metal ions are particularly 
attractive due to their inherent zero-field splitting (ZFS) in the ground state. 
In a previous study, it was anticipated that the low-spin Fe(III) anionic complex, 
fac-[(Tp)Fe(CN)3]
-
 (25) [where Tp
-
 = hydrotris(pyrazolyl)borate] would act as a metalloligand 
towards three metal centres to yield the corresponding cyanide-bridged species.
109
 Indeed, 
reaction of 25 with Cu(II) perchlorate in acetonitrile-ethanol followed by diffusion of diethyl 
ether vapour into the solution yielded crystals of [(Tp)8(H2O)6(Cu
II
6Fe
III
8)(CN)24] 
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(ClO4)4·12H2O·2Et2O. The X-ray structure showed that the heteronuclear cation 
approximates a face-centred cube in which eight Fe(III) ions, capped by Tp
- 
ligands, occupy 
the eight corners of the cube and are linked via bridging CN
-
 groups to the six Cu(II) ions 
which are positioned just above the centre of each face of the cube (see 26 in Figure 1.21). 
That is, metalloligand 25 uses its three cyanide groups to bridge Cu(II) sites, each of which 
also bind to a water molecule to yield a square pyramidal [Cu(CN)4(H2O)]
2-
 coordination 
arrangement. Overall, the metallosupramolecular product incorporates a total of 14 
paramagnetic metal sites and also displays single-magnet behaviour. 
 
 
Figure 1.21 Assembly of the distorted face-centred cubic cationic cage from metalloligand 25 and 
Cu(II) perchlorate. Iron centres are purple, copper centres are green.
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1.4.2 Nanoreactors 
Recently, self-assembled coordination cages and/or capsules represent a very promising class 
of artificial host platforms, which can act as mimic protein receptors or enzymes in their 
abilities to effectively bind substrates, stabilize reactive intermediates or high energy 
conformations, and catalyze chemical transformations. Such compounds with well-defined 
cavities can be used as a nanoreactor or nanoflask for undertaking selected reactions, 
normally involving a homogeneous system.
110-112
 
Both homo- and heterometallo- coordination cages may act as a nanoreactor/nanoflask for 
a supramolecular reaction and such easily accessible nanocontainers may have cavities which 
impart a specific catalytic activity associated with their confined chemical environment. For 
example, Fujita and his co-workers designed and synthesized an octahedral Pd6L4 cage (L = 
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2,4,6-tri(pyridin-4-yl)-1,3,5-triazine) via mixing two equivalents of the triangular pyridyl 
ligand panel 27 with three equivalents of Pd(en)(NO3)2 (en = ethylenediamine) (Figure 1.22). 
This positively charged coordination cage (28) exhibits very large hydrophobic properties 
which lead to strong molecular recognition for neutral organic guests in water. The 
Diels-Alder coupling reactions between anthracene and maleimides in water contained in this 
nanocapsule 28 were studied, for example, between the encapsulating reactants of 
9-hydroxymethylanthracene and N-cyclohexylmaleimide (Figure 1.23). Only the syn 
1,4-Diels-Alder reaction was found to proceeded with various substrates due to the steric 
restrictions caused by the cage. On the other hand, only 9, 10-Diels-Alder adduct was 
obtained in the absence of capsule (Figure 1.23).
113
 
27; L 28 [Pd6L4]
12+ truncated tetrahedron  
Figure 1.22 Representation of ligand structure of 27; a crystal structure of octahedral cage 28 
[Pd6L4]
12+
 with the topology of a truncated tetrahedron.
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9-hydroxymethylanthracene N-cyclohexylmaleimide
Two reactants within the cage 28 
following syn 1, 4-Diels- Alder reaction 
Syn 1, 4-Diels- Alder adduct 
Cage 28
Without 
nanoreactor
9, 10-Diels- Alder adduct  
Figure 1.23 Schematic representation of the selective encapsulation of 9-hydroxymethylanthracene 
and N-cyclohexylmaleimide within cage 28 followed by the syn-1,4-Diels-Alder reaction; in absence 
of the nanoreactor 28, the 9,10-Diels-Alder adduct was obtained.
113 
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Negatively charged tetrahedral coordination cages have been well studied by Raymond 
and his co-workers.
114-117
 Homochiral tetrahedral cages of the type [M4L6]
n-
 bearing a high 
negative charge have been designed and synthesized to promote the normal acidic hydrolysis 
of orthoformate in this hydrophobic cavity. As a negatively charged system, this cage is 
expected to thermodynamically stabilize protonated species small enough to fit inside its 
cavity. For example, the cavity in the [Ga4L6]
12-
 cage has a small restricted size with 
hydrophobic properties, which fits orthoformates well and promote the acid catalysed 
hydrolysis under the basic conditions in the presence of small catalytic amounts (1 mol%) of 
nanoreactor 29 (Figure 1.24).
115
 For hydrolysis of triisopropyl orthoformate, the reaction rate 
was accelerated up to 890-fold by this nano-cage 29.
117
 In addition, the same cage 29 has been 
shown to catalyse other organic reactions such as a unimolecular Aza-Cope rearrangement
114
 
and the hydrolysis of acetal derivatives.
116
 
 
29 Crystal structure of 29
R = Ph3  
 
Figure 1.24 Schematic representation of the assembled tetrahedral cage 29 and its crystal structure, 
and the orthoformate hydrolysis reaction catalysed by nanoreactor 29.
115
 
1.5 Summary and the present study 
The goal of the present project was the development of new metallosupramolecular 
assemblies, including metallo-cage systems, and investigation of their properties (especially 
their magnetic, host-guest behaviour and for use as a nanoreactor). From the above discussion, 
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the supramolecular approaches, which include metal-directed assembly and metalloligands 
functionalised as building blocks for the construction of higher ordered architectures is used 
for the design and preparation of novel metallo-supramolecular assemblies. Much attention in 
this study is focused on the synthetic approach employed and, in particular, the structural 
control of coordination architectures, especially for those with multidimensional structures. 
The design of suitable organic ligands and the selection of appropriate metal ions for 
favouring structure-specific self-assembly have played important roles in the construction of 
discrete coordination architectures. The clear understanding is provided to probe relationships 
between structure and function by variation of the steric nature of ligand employed, as well as 
of the associated metal ion(s) involved. 
In this study, the focus is on the rational design and synthesis of new 
metallo-supramolecular materials based on Schiff base ‘core units’ (see Figure 1.1), utilising a 
number of different metal centres to generate differing structures and properties. In addition, 
the synthesis of 3D coordination capsule-like structures is of particular interest due to the 
multiple potential applications they offer, particularly for use in selective molecular 
recognition (host-guest chemistry), reactivity modulation (nanoreactors), molecular sensors or 
biological applications. 
In the first part of the research (Chapters two and three), metal-directed assembly 
procedures were employed for constructing new finite nanometre-scale assemblies that 
include a triple stranded cylinder (Chapter two) and a large tetrahedral coordination cage 
(Chapter three). Such metallo-assemblies incorporating iron(II) centres exhibit SCO 
properties, which have been fully characterised.  
In the second part (Chapters four, five and six), the main objectives were the design and 
synthesis of new tripodal metallo-ligands as robust functional building blocks, which were used 
to construct 3D nanoscale homo/heteronuclear multi-functional materials through a three-fold 
metallo-ligand approach (Figure 1.25). 
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Figure 1.25 Schematic representation of the synthesis of a heterometallic nanocage employing a 
robust three-fold metallo-ligand. 
In Chapters four and five, the development and characterisation of three-fold tripodal 
complexes are discussed. An iron(II) tripodal complex exhibit SCO properties is presented in 
Chapter four while in Chapter five, the design and preparation of two Cu(I) metallo-ligands 
have are presented, one of which was selected for the further reaction with Ag(I) to form a long 
nanocylinder.  
Chapter six addresses the improved methodologies applied to the synthesis of a unique 
3d/4f heterometallic square prismatic box-like magnetic cage via a non-centrosymmetric 
Dy(III) metalloligand, which behaves as a single-molecule magnet. 
Presented in the future work of Chapter seven are some unpublished results which include 1) 
two Pd(II) cages as nanoreactors for the Suzuki coupling reactions between two cages with the 
different the size of windows; 2) as a consequence of its open window for inner cavity, a large 
iron(II) SCO edge-directed tetrahedral cage as a receptor for the specific anion (BF4
-
); 3) using 
a large Cu(I) metallo-ligand prepared in Chapter 5 to form a long Cu(I)Ag(I) nanocylinder.  
Overall, the objectives of the present studies have been the synthesis of a number of 
functionalized metallo-supramolecular assemblies. Some of these shows SCO and SMM 
properties and others present large cavities as potential hosts for the molecular recognition 
and nanoreactor investigations in catalysis reactions.  
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Synopsis 
 
A new dinuclear triple-stranded helicate iron(II) complex that displays a complete spin 
transition with a gradual-abrupt character at high T1/2 is reported. Variable temperature X-ray 
photoelectron spectroscopy shows the spin behaviour is completely reversible between HS 
and LS.
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2.1 Abstract 
A dinuclear helical iron(II) complex of a new ditopic thiazolyimine ligand (L) has been 
synthesised via supramolecular assembly. The resulting dinuclear helical cylinder 
[Fe2L3](BF4)4 was investigated by variable temperature X-ray crystallography, ESI high 
resolution mass spectrometry, CHN analysis, FT-IR and UV-Vis spectroscopy. The nature of 
the spin transition was investigated by magnetic susceptibility measurements, and confirmed 
by VT-SCXRD and X-ray photoelectron spectroscopy. [Fe2L3](BF4)4 displays a complete spin 
transition with a gradual-abrupt character at T1/2 = 348 K and represents a new example of a 
dinuclear iron(II) complex exhibiting a spin transition at high temperature. Both VT-SCXRD 
and XPS measurements show excellent correlation with the magnetic susceptibility 
experiments, demonstrating the power of XPS to not just confirm, but also to clearly follow 
the spin-state transition in Fe(II) SCO complexes. 
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2.2 Introduction 
Since the first spin-crossover (SCO) compound was reported in 1931, the study of SCO 
phenomena between high-spin (HS) and low-spin (LS) states of octahedral 3d
4
-3d
7
 
transition-metal ions has represented an important area of contemporary coordination 
chemistry.
1–7
 SCO compounds involving Fe(II) in an octahedral ligand field are the most 
commonly studied systems and have attracted particular interest, both from a fundamental and 
an application standpoint.
8–13
 The 3d
6
 valence shell may exist in either the diamagnetic (S=0) 
LS state (
1
A1) or the paramagnetic (S=2) HS state (
5
T2). The transition between LS and HS 
states can be triggered by external stimuli such as temperature, pressure and electromagnetic 
radiation,
 
giving rise to variations in colour, spin state, metal-donor distances as well as the 
dielectric constant. In light of this, such complexes have several potential applications, 
including as molecular switches, sensors and displays, as well as for molecular electronics and 
spintronics applications.
14
 However, the design and successful construction of SCO systems 
with the required defined properties still represents a significant challenge. 
Most SCO studies on dinuclear triple helicate Fe(II) complexes have focused on the use of 
homoleptic tris-diimines incorporating the imidazole moiety, with such ligands tending to be 
associated with low temperature spin transitions.
15–18
 Conversely, it was recently shown 
independently by both our and other groups that employing a thiazolyimine moiety in a 
mononuclear tripodal Fe(II) complex results in SCO occurring at higher temperatures
19–21
 due 
to the increased crystal field splitting ability of the thiazolyimine group as well as reflecting that 
the LS electronic state is more readily stabilised at room temperature. 
Methods for probing the spin state of Fe(II) metal ions within a coordination compound 
require the ability to differentiate between the HS 
5
T2 and LS 
1
A1 electronic configurations. So 
the conventional means of confirming the spin state in Fe(II) complexes, such as magnetic 
susceptibility, Mössbauer spectroscopy, single crystal X-ray diffraction and X-ray 
photoelectron spectroscopy (XPS) can also be utilised to differentiate between these two states 
at various temperatures.
19,22–26
 The latter, as an alternative for Mössbauer experiments, is much 
faster and convenient and requires less sample. It is important to point out that Mössbauer 
experiments probe the magnetic behaviour of the bulk material, while XPS reports the magnetic 
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behaviour of a bulk surface (to 5-10 nm) of a material. High and low-spin isomers in Fe(II) can 
be identified through XPS via the occurrence of satellite (shake-up) peaks that occur only for 
the HS sate, along with differences in the electron binding energies in the corresponding 2p1/2 
and 2p3/2 orbitals on the Fe(II) centre. Satellite peaks are produced by ligand to metal 
charge-transfer (LMCT),
27
 coupling between partly filled Fe d-electrons with the ejected 
photoelectron,
28
 and through photoelectron band broadening as a result of multiplet splitting.
25
 
The binding energies (BE) of the Fe 2p1/2 and 2p3/2 photoelectron peaks are lower in the LS 
state. This is a result of increased LMCT associated with the transition to the low spin 
configuration, leading to a lower degree of ionicity and enhanced metal-ligand hybridisation. 
This in turn increases the shielding of the 2p electrons from the nuclear charge, corresponding 
to a reduced electron binding energy.
23,25,26
 
The variable temperature (VT) XPS investigation conducted in this study clearly 
demonstrated the formation of the LS state at lower temperatures, and subsequently the gradual 
increase of the HS state character as the sample was warmed, by the emergence of Fe(II) 2p3/2 
and 2p1/2 satellite peaks and the migration of both the 2p3/2 and 2p1/2 peaks to higher binding 
energies. Furthermore, splitting of the Fe(II) 2p3/2 and 2p1/2 peaks was observed in both cooling 
and heating and a HS fraction was introduced. XPS experiments demonstrate the ability of XPS 
not only to confirm the spin-state of Fe(II), but also to follow the transition between the LS ↔ 
HS. To the best of our knowledge, it may be the first reported observation of a distinct splitting 
of the Fe 2p peaks during a variable temperature experiment on a Fe(II) SCO material in which 
the peaks due to both HS and LS fractions are seen to be dominant, superimposed, 
simultaneously visible, then superimposed and then dominant again, as predicted from theory. 
A range of dinuclear Fe(II) SCO compounds have now been investigated,
29,30
 including, for 
example, the classic pioneering studies by Williams et al.
31,32
 Further examples of triple helical 
dinuclear cylinders displaying thermally induced SCO
15–18
 have been reported and, as 
mentioned earlier, these typically involve the use of tris-diimine ligands incorporating the 
imidazole moiety. We now report the preparation of the new ditopic thiazolyimine ligand L 
((1E,1'E)-N,N'-(oxybis(4,1-phenylene))bis(1-(thiazol-4-yl)methanimine)) (Figure 2.1) and 
demonstrate that its dinuclear iron(II) helical tris-ligand complex, [Fe2L3](BF4)2 (1), gives rise 
to a complete spin transition with a gradual-abrupt character at the high T1/2 of 348 K. Such 
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behaviour has potential for use in applications that operate at or near ambient temperatures. The 
temperature dependent spin transition of 1, was studied using SQUID magnetic susceptibility 
measurements, variable temperature (VT) single-crystal X-ray diffraction and VT-XPS. Further 
characterisation was performed by elemental analysis, NMR, PXRD, HRESI-MS, FT-IR and 
UV-vis spectroscopy. 
 
 
 
 
 
Figure 2.1 Structure of L (L = (1E,1'E)-N,N'-(oxybis(4,1-phenylene))bis(1-(thiazol-4-yl) 
methanimine)) 
2.3 Results and Discussion 
The reaction of thiazole-4-carboxaldehyde and 4,4'-oxydianiline in ethanol produced the 
desired ditopic ligand L (see above) in 84% yield. 
1
H and 
13
C NMR spectra (Figures 2.S1 and 
2.S2) and high resolution electrospray ionization (HR-ESI) mass spectrometry results were 
consistent with the proposed structure of L. In the HR-mass spectrum, the major peaks are 
observed at m/z 804.1400 [2L+Na]
+
 413.0550 [L+Na]
+
 and 319.0853 [L+H]
+
 (Figure 2.S3), 
with the appropriate isotope pattern for [L+H]
+
 being observed (insert in Figure 2.S3). The 
reaction of L with iron(II) tetrafluoroborate in acetonitrile followed by slow diffusion of diethyl 
ether into the reaction mixture produced dark red needle crystals of the type 
[Fe2L3](BF4)4·4(CH3CN) 0.5(H2O) at 100 K and [Fe2L3](BF4)4·2(CH3CN) 0.3(H2O) at RT 
suitable for X-ray diffraction studies (Figure 2.2). Elemental analysis and HR-ESI mass 
spectrometry results were consistent with the proposed structure, with a well resolved major 
peak at m/z 320.4999 [Fe2L3]
4+
, consistent with the loss of four BF4
-
 anions being evident 
(Figure 2.S4). The expected isotope pattern for this charged species was found to be in excellent 
agreement with the simulated patterns (insert in Figure 2.S4). 
 
Chapter Two 
40 
 
 
Figure 2.2 Schematic representation of the X-ray crystal structure of 1 at 100 K. White sticks represent 
hydrogen, black carbon, blue nitrogen, red oxygen, yellow sulfur and purple LS Fe(II). Counter ions and 
solvent molecules have been excluded for clarity. 
Variable temperature magnetic susceptibility measurements of 1 displayed a complete SCO 
associated with a gradual-abrupt character and the cooperative factor, C, was estimated. Upon 
cooling the sample from 400 K (Figure 2.3), the χMT values initially decrease from ca. 5.45 cm
3 
mol
-1
K, corresponding to most of the Fe(II) sites being high spin. The χMT values then show a 
gradual-abrupt decrease, attaining a constant value of 0.01 cm
3 
mol
-1 
K below 200 K, in accord 
with all Fe(II) sites then being low spin. The transition temperature, T1/2, is 348 K on both 
cooling and heating (without a hysteresis loop). In order to estimate the cooperativity of the 
SCO behaviour, the experimental χMT versus T curves were simulated by applying the regular 
solution model (see SI). The simulated parameters are ΔH = 15000 Jmol-1, ΔS = 43.6 JK-1, T1/2 
= TSCO = 348 K and C = 0.66. The cooperative factor C is less than 1, and the cooperativity is 
thus comparatively weak. 
Single crystal X-ray diffraction experiments were conducted on suitable red single crystals at 
100 and 298 K. At both temperatures complex 1 gave a triclinic space group P   , with similar 
unit cell parameters. Three ligands (L) wrap around two Fe(II) centres to yield a triple-stranded 
helicate complex (Figure 2.2). The two Fe(II) centres each adopt a distorted octahedral 
coordination environment, being bound to three imine and three thiazole nitrogen donors. For 
the structure obtained at 100 K the average of the Nimine
…
Fe02
…
Nimidazole bond angles is 172.9⁰, 
while the average of the corresponding Nimine
…
Fe01
…
Nimidazole angles is 172.0⁰ – demonstrating 
a slight distortion from true octahedral coordination (see ∑ in Table 1). The corresponding 
average metal-donor bond lengths of the coordination sphere at 100 K (1.98 and 1.99 Å) and 
298 K (1.991 and 2.05 Å) are in accord with both Fe(II) centres being completely LS Fe(II) at 
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100 K, while at 298 K one Fe(II) centre is LS, while the other is predominantly low spin (that is, 
it has a mixed high-spin/low-spin state population). This is consistent with the small HS 
fraction observed in the magnetic susceptibility curve at 298 K.  Furthermore, as presented in 
Table 1, the corresponding angular distortion (∑) parameters at 100 K (Fe01 - 54.4⁰ and Fe02 – 
65.4⁰) and 298 K Fe01 (Fe01 – 58.3⁰) are in good agreement with those expected for LS Fe(II) 
centres with a distorted octahedral geometry. As mentioned already, the parameter ∑ refers to 
the sum of the deviation of the 12 cis angles of the coordination octahedron from 90⁰ - the 
octahedral distortion. On the other hand, the 298 K Fe02 ∑ value of 70.2⁰ is in keeping with the 
presence of a proportion of HS Fe(II) centres,
33,34
 indicating incomplete LS → HS thermal 
conversion at 298 K. 
 
 
Figure 2.3 Variable temperature magnetic susceptibility (χMT versus T) for 1 over the range 400 – 5 – 
400 K at a scan rate of 2 Kmin
-1
. 
The dinuclear helicates pack in undulating layers extending along the crystallographic c-axis 
(Figure 2.4), with adjacent complexes aligned crosswise in a diagonal manner so that the 
oxygen atoms of individual complexes face one another. At both temperatures, BF4
- 
anions are 
dispersed throughout the lattice, with C(H)
…
F separations of 2.33-2.50 Å and S
…
F contacts of 
2.95 Å (100 K). Acetonitrile solvent molecules (four per asymmetric unit at 100 K and two at 
298 K) are distributed throughout the lattice. Also, the triple helicate structure is stabilised by 
four of the six aryl rings participating in inter-strand edge-to-face CH
…π interactions. 
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The Fe(II) centres are separated from the closest Fe(II) centre of an adjacent helicate 
(interhelical separation) by 9.73 and 9.89 Å at 100 and 298 K, respectively while the 
intrahelical Fe(II)-Fe(II) separation increases from 11.33 Å in the 100 K structure to 11.36 Å at 
298 K (Table 2.1). This is most likely a reflection of the expansion of the Fe(II) coordination 
environment, as a consequence of the introduction of the HS fraction; leading to the average 
C-O-C bond angle increasing from 115.7⁰ at 100 K to 116.2⁰ at 298 K. 
 
 
Figure 2.4 Schematic representation of the crystal packing for 1 at 100 K, showing the formation of the 
one-dimensional undulating arrangement of helicates along the c-axis.  
The Fe(II) centres which give rise to a mixed population of high-spin/low-spin states at 298 
K (Fe02 in Table 2.1) are present in rows of paired Fe(II) centres from separate helicates along 
the crystallographic a-axis (Figure 2.5). Adjacent helicates are inverted so that the Fe(II) 
centres with partially occupied states are in pairs and closest to one another, and these pairs in 
turn form rows throughout the lattice. These rows also extend along the crystallographic b and 
c-axis (Figure 2.4 and 2.5) in a similar fashion. This paired distribution places the mixed 
high-spin/low-spin Fe02 centres of adjacent helicates closer to one another than to the Fe(II) 
centres remaining completely LS (Fe01) in the same molecule at 298 K. This suggests that 
some degree of cooperativity occurs between the metal centres of adjacent helicates as the 
temperature is increased. Crystallographic information for 1 at 100 and 298 K is summarized in 
Table 2.2 and given in more detail in the supporting information. 
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Figure 2.5 Schematic representation of the crystal packing in complex 1 at 298 K, demonstrating the 
alignment of mixed high-spin/low-spin populated Fe sites (red spheres) from adjacent helicates in rows 
of pairs along the a and c-axis. LS Fe(II) centres are represented as purple spheres. Solvent and counter 
ions have been omitted for clarity. 
Table 2.1 Comparison of the structural parameters for 1 at 100 and 298 K 
Structural parameters 
 100 K 298 K 
Average Fe-N (Å) in 
asymmetric unit 
Fe1 – 1.98:  
Fe2 – 1.99 
Fe1 – 1.99 : 
Fe2 – 2.05 
Fe-Fe separation (discrete 
complex) (Å) 
11.33 11.36 
Fe-Fe separation (closest 
Fe(II) of adjacent helicate) 
(Å) 
9.73 9.89 
∑ Fe1 - 54.4 :  
Fe2 – 65.4 
Fe1 – 58.3 :  
Fe2 – 70.2 
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Table 2.2 Crystallographic data and refinement details for complex 1 at 100 and 298 K. 
 100 K 298 K 
Empirical formula [C60H42N12O3S6Fe2] 
4(BF4).4(CH3CN).0.5(H2O) 
[C60H42N12O3S6Fe2] 
4(BF4).2(CH3CN).0.3(H2O) 
Formula weight 1803.58 1717.07 
Temperature/K 100(2) 298(2) 
Crystal system triclinic triclinic 
Space group P    P    
a/Å 11.724(2) 11.806(2) 
b/Å 15.555(3) 15.605(3) 
c/Å 21.641(4) 22.029(4) 
α/° 89.79(3) 89.52(3) 
β/° 85.72(3) 85.48(3) 
γ/° 73.09(3) 73.49(3) 
Volume/Å
3
 3764.8(14) 3878.6(15) 
Z 2 2 
ρcalc /g cm
-3
 1.591 1.470 
μ/mm 1 0.652 0.627 
F(000) 1830.0 1737.0 
Radiation Synchrotron (λ = 0.7108) Synchrotron (λ = 0.7108) 
2Θ range for data collection/° 2.736 to 52.998 2.722 to 49.996 
Index ranges -14 ≤ h ≤ 14, -19 ≤ k ≤ 19, -27 ≤ l 
≤ 27 
-14 ≤ h ≤ 14, -18 ≤ k ≤ 18, -26 ≤ l 
≤ 26 
Reflections collected 54362 47455 
Independent reflections 14128 [Rint = 0.0247, Rsigma = 
0.0194] 
12382 [Rint = 0.0341, Rsigma = 
0.0286] 
Data/restraints/paramet-ers 14128/0/1115 12382/399/1153 
Goodness-of-fit on F2 1.035 1.045 
Final R indexes [I>=2σ (I)] R1 = 0.0369, wR2 = 0.0944 R1 = 0.0695, wR2 = 0.2157 
Final R indexes [all data] R1 = 0.0424, wR2 = 0.0982 R1 = 0.0804, wR2 = 0.2289 
Largest diff. peak/hole / e Å-3 0.63/-0.67 0.93/-0.55 
 
Temperature dependence Mössbauer spectroscopy for compound 1 was also carried out in 
order to further investigate the SCO behavior observed in the magnetic susceptibility study. 
Unfortunately, at room temperature and even at 5 K, the transmittance was found to be weak 
and it was not possible to clearly relate it to the iron(II) spin state change (Figure 2.S8). 
However, the results of XPS studies (Figure 2.6a) were in good agreement with magnetic and 
crystallographic measurements. At 100 K the 2p1/2 and 2p3/2 peaks are sharp and narrow, and 
separated by (Δ) 12.5 eV as well as being void of satellite structure. Such features have been 
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previously shown to indicate the presence of the diamagnetic 
1
A1 LS state.
25,26
 At 298 K, Fe 2p 
satellite peaks begin to appear, causing broadening of both the 2p1/2 and 2p3/2 peaks. 
 
Figure 2.6 a) Variable temperature XPS of the Fe 2p region, BE for HS and LS values of 2P1/2 and 2P3/2 
(dash line); b) Plots of the HS fraction comparing VT-XPS data and magnetic data. Note: the 
temperature for which the sample is 100 % HS was calculated using the regular solution model (see SI 
eq 2). 
The above is indicative of a portion of paramagnetic 
5
T2 HS Fe(II) centres present in the 
sample, as the unpaired d-electrons in the HS state couple with the ejected photoelectron during 
its time of flight in the vicinity of the ionized Fe complex.
28
 The 2p1/2 peak shows the formation 
of a small broad peak and the 2p1/2 satellite peak begins to rise as a small HS fraction is present 
in the material. This HS broad peak occurs at a higher BE (724.4 eV) than that of the LS peak 
(721.5eV). The shift of the 2p1/2 peak to higher binding energy (by 2.9 eV) is a result of the 
decreased iconicity and bond lengths in the HS state, as LMCT decreases with occupation of the 
HS electronic configuration. In addition, the 2p3/2 peak starts to appear as a shoulder at 710.7 
eV. At 348 K, these 2p1/2 peaks ‘merge’ as the peak is now more representative of the 2p1/2 peak. 
Satellite structures become increasingly evident, and the 2p1/2 and 2p3/2 peaks are separated by 
(Δ) 13.0 eV. This suggests that the HS state is more prominent at this temperature, as found in 
the magnetic susceptibility measurements. The XPS spectrum at 420 K is very similar to that at 
348 K with slightly more pronounced satellite peaks, again indicating more dominant 
occupation of the HS state. In addition, simulation using the CTM4XAS program
35
 successfully 
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reproduced the main features of the experimental XPS spectra, further confirming the observed 
trends in the XPS spectra at variable temperatures (Figure 2.S9). The simulated 100, 298, 348 K 
and 420 K spectra predict 1, 20, 50 and 70% HS fractions respectively. The good agreement 
between theory and experiment confirms the gradual Fe(II) LS → HS transition process over 
the temperature range. Furthermore, a plot of the HS fraction calculated from the magnetic data 
against that calculated from XPS experiments (Figure. 6b) demonstrates the correct relationship 
of the change in HS fraction with temperature for both data sets. In order to calculate the HS 
fraction from the XPS data, the relative BE of the Fe2p1/2 peaks were used, as these are well 
known to increase with increasing HS fraction in the material. With no completely HS data 
point measured (due to the high temperature spin transition of the material), the 348 K XPS 
point was taken to be 50% HS fraction as per the magnetic data, and the 100 K was assumed to 
be 1.43 % in the same manner. The χmT value for which the sample would be predicted to 
contain a HS fraction of 100% Fe(II) centers was calculated using the regular solution model 
given in the supplementary information, as was the temperature of this χmT value. 
Finally, the XPS experiments conducted demonstrate how the Fe(II) LS → HS transition can 
be monitored. For the present study progression through three main stages in the spectrum takes 
place: (1) sharp, narrow 2p peaks with a smaller Δ (LS state), (2) appearance of ‘shake-up’ 
satellite peaks and splitting of the 2p1/2 peak to form a second peak at a slightly higher BE with 
roughly the same intensity, (3) increase of this second HS 2p1/2 to be greater than the LS peak, 
and thus only one peak is visible from the superposition of the two, and this is ‘shifted’ to higher 
binding energies. As a consequence, an increased Δ as well as satellite features become more 
prominent. These changes appear to correlate to (1) the Fe(II) centre being predominantly 
present in the LS state, (2) both HS and LS states being present in significant proportions, and 
(3) the HS state being more abundant in the material. 
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Table 2.3. Comparison of binding energies for 1 at variable temperature 
      T/K 
 
BE/eV 
420 K 348 K 298 K 100 K HS LS 
Average BE Fe 2P3/2 710.2 709.8 709.3 709.0 710.7 709 
Average BE Fe 2P1/2 723.7 722.8 722.1 721.5 724.4 721.5 
Δ of BE between 2p1/2 -2p3/2 13.5 13.0 12.8 12.5 13.7 12.5 
 
2.4 Experimental  
Materials and synthesis 
All chemicals and solvents used were of commercial grade and used without further 
purification. 
General physical measurements 
1
H NMR and 
13
C NMR spectra were recorded on a Bruker 300 MHz spectrometer. High 
resolution ESI-MS data were acquired using a Waters Xevo QToF mass spectrometer, 
operating in positive ion mode. FT-IR measurements were undertaken on a Bruker Vertex 70 
with a diamond ATR stage. The solid state UV-vis spectra were measured in nujol at ambient 
temperature using a Agilent Cary 100 UV-Vis with WinUV software. Spectra were determined 
from 800-250 nm with a scan rate of 600 nm per minute.  
Magnetic measurements 
Susceptibility data were collected using a Quantum Design SQUID magnetometer calibrated 
against a standard palladium sample. The data were collected between 5 and 400 K and the 
scan rate of the temperature was fixed at 2.0 K min−1. 
Mössbauer Studies 
Mössbauer experiments were carried out using a Wissel MVT-1000 Mössbauer spectrometer 
with a 
57
Co/Rh source in a constant-acceleration transmission spectrometer (Topologic 
Systems) equipped with a closed-cycle helium refrigerator cryostat (Iwatani Co., Ltd.). All 
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isomer shifts are given relative to -Fe at room temperature. Measurements at low 
temperature were performed. 
Single crystal X-ray diffraction measurements 
1 at 100(2) and 298(2) K were with collected at beamline MX1 of the Australian Synchrotron 
with Silicon Double Crystal monochromated radiation.
36, 37
 Data integration and reduction 
were undertaken with XDS.
38
 An empirical absorption correction was then applied using 
SADABS at the Australian Synchrotron.
39
 The structures were solved by direct methods and 
the full-matrix least-squares refinements were carried out using a suite of SHELX programs
40, 
41 
via the Olex2 interface.
42
 Non-hydrogen atoms were refined anisotropically. Carbon-bound 
hydrogen atoms were included in idealised positions and refined using a riding model. The 
crystallographic data in CIF format has been deposited at the Cambridge Crystallographic 
Data Centre with CCDC 1540558-1540559. It is available free of charge from the Cambridge 
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1 EZ, UK; fax: (+44) 
1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. Specific refinement details and 
crystallographic data for each structure are present above and in the supporting information. 
XPS Experimental 
X-ray photoelectron spectroscopy (XPS) was performed on an ESCALAB250Xi (Thermo 
Scientific, UK) using a monochromated Al K alpha line (energy 1486.68 eV) at 150W (13 kV 
x 12 mA) with a spot size of 500 micrometre on the sample. Electron optics are arranged at 90 
degrees with respect to the surface plane. Survey scans were performed with a pass energy of 
100 eV with high-resolution scans performed at 20 eV. The complex was measured at room 
temperature, then 170 K, then allowed to warm to room temperature and remeasured to ensure 
the sample had not undergone X-ray damage. Data was processed using the Avantage 
software package (Thermo Scientific, UK). Peaks were calibrated using the C 1s peak at 
284.8 eV and background corrected using the Shirley method.
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Regular solution model 
Cooperativity was estimated from the measured χmT versus T curves (χm; molar magnetic 
susceptibility, T; temperature) by applying the regular solution model (eq 1),
44
 where ΔH, ΔS 
and Γ are the enthalpy and the entropy variations and the parameter accounting for 
cooperativity based on SCO, respectively. The HS molar fraction, γHS, is shown as a function 
of the magnetic susceptibility through (eq 2), where (χmT)m is the χmT value at any 
temperature, (χmT)HS and (χmT)LS are the pure LS and HS states, respectively. R is the gas 
constant unit, 8.314 J K
-1
 mol
-1
. The cooperativity value, C, is given by eq 3. 
ln[(1-γHS)/(γHS)] = [{ΔH+Γ(1–2γHS)}/RT]–ΔS/R (eq 1) 
γHS = [(χmT)m–(χmT)LS]/[(χmT)HS–(χmT)LS] (eq 2) 
C =Γ/(2RT1/2), T1/2 =ΔH/ΔS  (eq 3) 
Ligand Synthesis 
L 4, 4’-Oxydianiline (210 mg, 1.05 mmol) in 10 mL of ethanol was added to the solution of 
thiazole-4-carboxaldehyde (250 mg, 2.21 mmol)) in 10 mL of ethanol leading to a clear 
yellow solution. The mixture was heated to reflux with overnight stirring and then the yellow 
precipate was collected by filtration and washed with cold ethanol (3 × 5 mL) to give a yellow 
powder in 84% yield. 
1
H NMR (CDCl3, 300 MHz) δ (ppm) 8.92 (s, 2H), 8.71 (s, 2H), 8.05 (s, 
2H), 7.31 (d, 4H), 7.08 (d, 4H); 
13
C NMR (CDCl3, 75.5 MHz) δ (ppm) 156.19, 154.93, 153.67, 
152.54, 146.70, 122.73, 119.63; UV/Vis (solid state in nujol): λmax 271, 325(sh) nm; FT-IR 
(ATR νmax /cm
-1
): 3039, 1621, 1498, 1425, 1244, 1200, 940, 850, 537; ESI-HRMS 
(positive-ion detection, CH3OH): m/z = 804.1400 [Na+2L]
+
, 413.0550 [Na+L]
+
 and 319.0853 
[H+L]
+
. 
Complex Synthesis 
1 [Fe2L3](BF4)4·2(CH3CN) 0.3(H2O) Iron(II) tetrafluoroborate hexahydrate (14 mg, 0.04 
mmol) in 5 mL of acetonitrile was slowly added to the suspension of L (25 mg, 0.06 mmol) in 
10 mL of acetonitrile, there was an immediate colour changed from yellow to red. The 
reaction mixture was heated at 50 °C with stirring for 4 h, then cooled to room temperature 
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and filtered. Slow diffusion of diethyl ether into the filtrate of the product resulted in the 
formation of dark red needle crystals and air dry in 65% yield. Elemental analysis (%) (calcd., 
found for C60H42B4F16Fe2N12O3S6·2(CH3CN) 0.3(H2O): C (44.75, 44.59), H (2.85, 2.87), 
N(11.42, 11.57), S(11.20, 10.78); UV/Vis (solid state in nujol): λmax 264, 330, 499 nm; 
FT-IR (ATR νmax /cm
-1
): 3113(br), 1594(m), 1488(s), 1235(m), 1203(m), 1030(s), 834(s), 
521(m); ESI-HRMS (positive-ion detection, CH3CN): m/z = 320.4999 [Fe2L3]
4+
. Single 
crystals were taken from the same sample and used directly for the X-ray study. 
2.5 Conclusion 
In summary, in this chapter the efficient synthesis of a new discrete Fe(II) SCO dinuclear 
cylinder 1 is described. The structure incorporates three semi-rigid bis-bidentate ligands of 
suitable ligand-field strength to affect SCO at 348 K. The structure of 1 has been 
unambiguously characterised by X-ray crystallography, HR ESI-MS, UV-vis and FT-IR 
spectroscopy. The SCO behaviour of 1 has been shown to exhibit a gradual-abrupt character at 
the high spin transition temperature of T1/2 = 348 K. In combination, variable temperature single 
crystal and XPS studies confirmed the outcome of the magnetic susceptibility measurements. 
Furthermore, it was shown that VT-XPS can be used, not just to confirm, but also to follow the 
spin transition of the Fe(II) centre.  
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2.7 Supporting Information 
 
Figure 2.S1 
1
H-NMR spectrum of L (CDCl3, RT, 300 MHz). 
 
 
Figure 2.S2 
13
C-NMR spectrum of L (CDCl3, RT, 75.5 MHz).  
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Figure 2.S3 ESI-HRMS spectrum of L. The inset shows the isotope pattern for {[Na+L]
+
. The inset 
shows the isotope pattern (bottom) with the simulated distribution (top) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.S4 ESI-HRMS spectrum of 1. The inset shows the isotope pattern for [Fe2L3]
4+
. The inset 
shows the isotope pattern (bottom) with the simulated distribution (top) 
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Figure 2.S5. Solid state UV-vis absorption spectra of L(Black) and 1 (Red) in nujol. 
 
 
Figure 2.S6: FT-IR spectra of L. 
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Figure 2.S7: FT-IR spectra of 1. 
 
 
Figure 2.S8 Mössbauer spectrum of 1 at RT and 5 K. 
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Figure 2.S9. The simulation of VT-XPS of the Fe 2p region.  
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Crystallographic details: 
 
Table 2.S1 Fractional Atomic Coordinates (×10
4
) and Equivalent Isotropic Displacement Parameters 
(Å
2
×10
3
) for 1 at 298 K Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Fe01 5025.6(5) 2411.3(4) 8596.3(3) 37.87(19) 
Fe02 10081.1(6) 6992.0(4) 6406.6(3) 39.36(19) 
S1A 4523.3(15) -18.1(9) 7685.9(7) 64.5(4) 
S2A 11351.1(14) 8840.0(11) 7604.7(7) 67.4(4) 
S1B 1298.8(12) 3049.0(11) 9455.7(8) 66.6(4) 
S2B 13609(2) 6179.1(18) 5269.2(8) 100.3(7) 
S1C 6341.7(14) 620.2(10) 10156.2(6) 63.5(4) 
S2C 9012.3(17) 9292.4(10) 5088.9(9) 76.7(5) 
O1A 4272(3) 6531(2) 7164.9(18) 53.7(9) 
O1B 9018(3) 4825(2) 9114.0(14) 49.2(8) 
O1C 8643(4) 2951(2) 6038.2(16) 69.2(12) 
N1A 4755(3) 1402(2) 8153.0(17) 43.9(9) 
N2A 4383(3) 3050(2) 7844.3(17) 41.6(8) 
N3A 8518(3) 7478(2) 6947.6(17) 40.8(8) 
N4A 10557(3) 7832(3) 6962.7(17) 44.1(9) 
N1B 3413(3) 2752(3) 9012.4(17) 42.8(9) 
N2B 5095(3) 3496(3) 9063.2(17) 41.7(8) 
N3B 10868(4) 5886(3) 6910.4(16) 45.0(9) 
N4B 11682(5) 6571(3) 5939.4(18) 58.2(11) 
N1C 5708(3) 1626(3) 9260.2(17) 42.7(8) 
N2C 6721(3) 2032(2) 8266.3(17) 41.9(8) 
N3C 9258(3) 6359(2) 5814.8(16) 41.7(8) 
N4C 9540(4) 7975(3) 5799(2) 51.5(10) 
C1A 4933(5) 541(3) 8251(2) 54.9(12) 
C2A 4090(5) 939(4) 7291(3) 57.6(13) 
C3A 4269(4) 1628(3) 7606(2) 46.7(11) 
C4A 4081(4) 2561(3) 7455(2) 48.3(11) 
C5A 4313(4) 3952(3) 7666(2) 42.6(10) 
C6A 3540(4) 4682(3) 7982(2) 44.5(10) 
C7A 3535(4) 5548(3) 7814(2) 46.3(11) 
C8A 4296(4) 5664(3) 7333(2) 45.9(11) 
C9A 5033(4) 4946(3) 7014(2) 50.6(11) 
C10A 5046(4) 4084(3) 7177(2) 48.0(11) 
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C11A 5366(4) 6714(3) 7085(2) 46.9(11) 
C12A 5481(5) 7348(3) 6674(3) 60.2(14) 
C13A 6526(5) 7600(4) 6622(3) 62.1(15) 
C14A 7435(4) 7206(3) 6968(2) 40.8(10) 
C15A 7325(5) 6542(4) 7354(3) 69.1(17) 
C16A 6289(5) 6290(4) 7410(3) 71.7(18) 
C17A 8500(4) 8118(3) 7307(2) 46(1) 
C18A 9614(4) 8339(3) 7342(2) 45(1) 
C19A 9884(5) 8914(4) 7718(2) 57.5(13) 
C20A 11515(5) 8038(4) 7058(2) 54.9(12) 
C1B 2500(4) 2437(3) 9014(2) 51.6(12) 
C2B 2052(5) 3765(4) 9659(3) 64.7(15) 
C3B 3178(4) 3506(3) 9378(2) 48.3(11) 
C4B 4161(4) 3879(3) 9397(2) 49.1(11) 
C5B 7076(5) 3382(4) 9359(3) 59.0(14) 
C6B 8051(5) 3712(4) 9362(3) 59.2(14) 
C7B 8038(4) 4504(3) 9088.3(19) 42.8(10) 
C8B 7040(5) 4997(4) 8833(3) 67.0(16) 
C9B 6062(5) 4665(4) 8830(3) 67.7(17) 
C10B 9475(4) 5076(3) 8555.1(19) 43.5(10) 
C11B 9805(6) 4480(4) 8071(2) 60.9(14) 
C12B 10289(6) 4738(4) 7523(2) 61.1(14) 
C13B 10408(4) 5599(3) 7474(2) 44(1) 
C14B 10119(4) 6169(3) 7972(2) 47.1(11) 
C15B 9658(5) 5908(3) 8517(2) 47.5(11) 
C16B 11890(5) 5420(4) 6682(2) 50.5(12) 
C17B 12381(5) 5758(4) 6136(2) 53.5(12) 
C18B 13423(6) 5436(5) 5821(3) 75.0(18) 
C19B 12241(7) 6861(5) 5482(3) 80.2(19) 
C1C 5299(5) 1373(3) 9774(2) 52.3(12) 
C2C 7401(5) 653(4) 9606(2) 59.5(13) 
C3C 6909(4) 1218(3) 9152(2) 48.8(11) 
C4C 7436(4) 1469(3) 8590(2) 49.6(11) 
C5C 7200(5) 1813(3) 7166(2) 54.1(12) 
C6C 7663(6) 2055(4) 6614(2) 59.6(14) 
C7C 8155(5) 2762(3) 6598(2) 50.7(12) 
C8C 8182(5) 3224(3) 7125(2) 53.2(12) 
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C9C 7710(5) 2975(3) 7674(2) 53.0(12) 
C10C 8801(6) 3802(3) 5975(2) 54.7(13) 
C11C 7806(6) 4533(4) 5946(3) 60.8(14) 
C12C 7968(5) 5375(4) 5889(3) 58.1(13) 
C13C 9097(5) 5487(3) 5858.6(19) 44.7(10) 
C14C 10063(5) 4745(3) 5865(2) 46.7(11) 
C15C 9920(5) 3896(3) 5933(2) 52.3(12) 
C16C 8709(4) 6881(3) 5410(2) 45.8(11) 
C17C 8866(5) 7769(3) 5366(2) 49.3(11) 
C18C 8499(5) 8408(4) 4947(3) 60.3(14) 
C19C 9678(6) 8755(4) 5700(3) 69.9(17) 
C00T 7210(4) 2280(3) 7694(2) 42.5(10) 
C00X 6092(4) 3855(3) 9082(2) 43.5(10) 
C2 9710(20) 1605(15) 10511(10) 41(5) 
N5AA 8247(17) 3254(13) 10937(9) 56(4) 
N3 8376(17) 2857(14) 11104(8) 59(5) 
C1AA 8968(14) 2297(12) 10845(6) 22(3) 
N02V 4719(11) 6802(7) 9324(5) 77(3) 
C033 4078(10) 7881(7) 8485(4) 53(2) 
C02W 4425(9) 7258(7) 8959(5) 50(2) 
N0AA 11354(15) 2571(11) 7120(8) 47(4) 
C1 11058(15) 1966(11) 7132(9) 32(4) 
C4AA 10690(20) 1190(18) 7116(14) 53(7) 
F6AA 3712(14) 8857(9) 5728(5) 162(5) 
F7AA 2899(12) 8620(7) 5840(6) 129(4) 
F8AA 3216(18) 9211(14) 6669(6) 83(4) 
F9AA 3009(12) 10060(9) 5696(6) 114(4) 
F0BA 1739(11) 9366(12) 6063(7) 124(5) 
F02K 2929(13) 10296(7) 6011(6) 109(4) 
F00M 3220(20) 9438(14) 6660(6) 94(5) 
F01Q 1512(8) 9729(9) 6209(7) 91(3) 
N1 7121(9) -184(5) 6531(4) 53(2) 
C2AA 6526(9) 7(6) 6180(5) 44(2) 
C3AA 5728(11) 170(13) 5691(7) 94(5) 
F00N 10184(4) 298(3) 8602(2) 109.8(16) 
F00W 10277(5) 1609(3) 8938(3) 122.7(18) 
B3 7094(6) 8463(5) 8924(3) 83.0(19) 
F1 6083(10) 9068(9) 9168(6) 116(4) 
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F2 8003(13) 8725(14) 8683(7) 162(7) 
F3 7483(14) 7963(11) 9421(6) 162(6) 
F4 6701(14) 8111(14) 8431(6) 168(5) 
F0AA 5904(8) 8814(7) 8921(6) 90(3) 
F5 7548(10) 9121(7) 8632(6) 94(3) 
F7 7407(14) 7659(7) 8657(7) 147(5) 
F8 7266(11) 8500(9) 9552(4) 109(3) 
F5BA 11905(5) 624(5) 8577(4) 157(3) 
F9BA 11052(7) 402(5) 9450(3) 171(3) 
B02P 10865(6) 720(4) 8888(3) 67.3(18) 
B02Z 2803(7) 9447(5) 6101(3) 82.0(18) 
O1 6851(16) 1879(11) 5283(7) 67(4) 
C1AB 8731(18) 2607(15) 10795(8) 37(5) 
C0AA 9410(30) 1807(18) 10580(14) 68(9) 
N0AB 11409(15) 2640(11) 7435(9) 50(4) 
C5AA 11158(15) 2100(11) 7319(9) 28(4) 
C4AB 10740(20) 1271(18) 7275(13) 52(7) 
B0AA 3758(8) 2973(7) 5706(4) 123(2) 
F2AA 4821(11) 2761(10) 5927(8) 141(4) 
F1AA 3042(11) 3552(8) 6169(5) 130(3) 
F4AA 3649(13) 3473(10) 5195(5) 144(3) 
F3AA 3350(14) 2274(9) 5655(8) 164(4) 
F2BA 2691(10) 3550(9) 5814(7) 148(4) 
F5AA 3897(11) 2706(11) 5107(5) 147(4) 
F1BA 4683(11) 3200(8) 5893(8) 125(4) 
F3AB 3736(15) 2162(8) 5985(6) 159(4) 
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Table2. S2 Anisotropic Displacement Parameters (Å
2
×10
3
) for 1 at 298 K. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Fe01 31.8(4) 46.1(4) 39.0(3) 7.2(2) -5.2(3) -15.8(3) 
Fe02 43.0(4) 43.8(3) 35.1(3) 6.3(2) -6.2(3) -17.8(3) 
S1A 76.8(10) 49.6(7) 72.4(9) -0.2(6) -5.3(8) -26.6(6) 
S2A 62.9(9) 93.1(11) 63.9(8) 3.5(7) -14.0(7) -48.2(8) 
S1B 35.0(7) 85.3(10) 83.7(10) -5.0(8) 5.1(7) -26.5(7) 
S2B 102.2(16) 161(2) 53.6(9) 3.3(10) 18.6(9) -69.6(15) 
S1C 71.1(10) 69.7(8) 48.9(7) 21.6(6) -9.0(6) -18.3(7) 
S2C 85.1(12) 61.3(9) 93.7(11) 34.8(8) -27.5(9) -32.4(8) 
O1A 28.6(18) 48.5(18) 88(2) 17.0(17) -15.3(17) -15.6(13) 
O1B 48(2) 77(2) 36.7(15) 12.3(14) -9.0(14) -38.8(17) 
O1C 116(4) 54(2) 45.7(19) -8.3(15) 25(2) -45(2) 
N1A 41(2) 45(2) 48(2) 8.0(16) -3.8(17) -15.8(16) 
N2A 38(2) 46(2) 44.6(19) 6.0(16) -7.6(16) -16.7(16) 
N3A 37(2) 45(2) 45.4(19) 4.3(16) -5.9(16) -19.2(15) 
N4A 37(2) 53(2) 44(2) 11.1(16) -3.3(17) -16.4(17) 
N1B 32(2) 54(2) 47(2) 8.4(16) -7.5(16) -18.6(16) 
N2B 33(2) 57(2) 41.0(19) 7.0(16) -6.1(16) -21.8(17) 
N3B 50(2) 61(2) 32.9(17) 3.8(16) -3.3(17) -29.3(19) 
N4B 78(3) 69(3) 36.6(19) 6.9(18) -2.1(19) -37(2) 
N1C 39(2) 52(2) 40.9(19) 8.1(16) -3.6(16) -18.2(16) 
N2C 38(2) 49(2) 41.5(19) 5.7(16) -2.3(16) -17.4(16) 
N3C 44(2) 43.8(19) 38.5(18) 4.4(15) -3.2(16) -15.2(16) 
N4C 53(3) 47(2) 60(2) 10.1(18) -17(2) -19.3(18) 
C1A 54(3) 54(3) 59(3) 11(2) -3(2) -19(2) 
C2A 62(3) 58(3) 57(3) 0(2) -10(3) -23(2) 
C3A 43(3) 53(3) 49(2) 4(2) -7(2) -21(2) 
C4A 47(3) 53(3) 50(3) 10(2) -14(2) -21(2) 
C5A 41(3) 47(2) 44(2) 8.7(18) -15(2) -17.5(19) 
C6A 34(2) 56(3) 47(2) 10(2) -9(2) -18(2) 
C7A 33(2) 50(3) 57(3) 1(2) -12(2) -11.9(19) 
C8A 33(3) 48(2) 62(3) 13(2) -16(2) -16.6(19) 
C9A 39(3) 56(3) 59(3) 14(2) -3(2) -18(2) 
C10A 45(3) 50(3) 49(3) 8(2) -5(2) -13(2) 
C11A 35(3) 47(2) 63(3) 9(2) -13(2) -16.6(19) 
C12A 43(3) 55(3) 87(4) 26(3) -25(3) -17(2) 
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C13A 50(3) 63(3) 82(4) 34(3) -19(3) -27(2) 
C14A 34(2) 46(2) 46(2) 2.5(18) -4.8(19) -15.8(18) 
C15A 47(3) 85(4) 89(4) 43(3) -32(3) -36(3) 
C16A 59(4) 87(4) 86(4) 51(3) -35(3) -43(3) 
C17A 38(3) 54(3) 49(2) 1(2) 2(2) -20(2) 
C18A 45(3) 50(3) 44(2) 2.7(19) -3(2) -21(2) 
C19A 58(3) 71(3) 54(3) -4(2) -1(3) -36(3) 
C20A 42(3) 72(3) 54(3) 14(2) -7(2) -23(2) 
C1B 41(3) 59(3) 59(3) 6(2) -9(2) -20(2) 
C2B 44(3) 80(4) 73(4) -14(3) 7(3) -23(3) 
C3B 37(3) 64(3) 47(2) -1(2) -2(2) -20(2) 
C4B 40(3) 61(3) 50(3) -4(2) -3(2) -21(2) 
C5B 46(3) 68(3) 73(3) 31(3) -19(3) -30(2) 
C6B 40(3) 76(3) 70(3) 28(3) -19(3) -27(2) 
C7B 38(3) 64(3) 35(2) 2.7(19) -4.3(19) -27(2) 
C8B 65(4) 69(3) 84(4) 34(3) -36(3) -39(3) 
C9B 54(3) 71(3) 93(4) 31(3) -42(3) -33(3) 
C10B 40(3) 65(3) 34(2) 11.2(19) -8.9(19) -29(2) 
C11B 89(4) 58(3) 47(3) 7(2) -6(3) -40(3) 
C12B 88(4) 65(3) 39(2) 0(2) 2(3) -37(3) 
C13B 46(3) 56(3) 37(2) 6.3(19) -7(2) -24(2) 
C14B 50(3) 57(3) 43(2) 7(2) -6(2) -29(2) 
C15B 50(3) 59(3) 38(2) 1.1(19) -3(2) -24(2) 
C16B 52(3) 68(3) 37(2) 8(2) -10(2) -25(2) 
C17B 51(3) 79(3) 37(2) 2(2) -3(2) -30(3) 
C18B 62(4) 122(5) 47(3) 2(3) 3(3) -36(4) 
C19B 105(6) 100(5) 48(3) 9(3) 8(3) -53(4) 
C1C 53(3) 61(3) 46(3) 15(2) -5(2) -21(2) 
C2C 55(3) 64(3) 57(3) 16(2) -12(3) -12(2) 
C3C 43(3) 53(3) 48(2) 12(2) -6(2) -10(2) 
C4C 38(3) 59(3) 48(3) 9(2) -1(2) -10(2) 
C5C 63(3) 55(3) 50(3) 1(2) 3(2) -29(2) 
C6C 83(4) 59(3) 45(3) -8(2) 11(3) -36(3) 
C7C 61(3) 50(3) 43(2) -2.7(19) 14(2) -22(2) 
C8C 68(4) 56(3) 45(3) -2(2) 2(2) -34(2) 
C9C 64(3) 61(3) 41(2) -5(2) 1(2) -31(2) 
C10C 82(4) 53(3) 34(2) -5.5(19) 12(2) -30(3) 
Chapter Two 
64 
 
C11C 64(4) 65(3) 62(3) -6(2) 12(3) -35(3) 
C12C 61(4) 53(3) 62(3) -5(2) -1(3) -22(2) 
C13C 53(3) 50(2) 35(2) 1.8(18) -1(2) -21(2) 
C14C 56(3) 50(3) 36(2) 3.0(18) 0(2) -19(2) 
C15C 72(4) 50(3) 36(2) 1.8(19) 2(2) -20(2) 
C16C 49(3) 53(3) 40(2) 6.3(19) -9(2) -22(2) 
C17C 52(3) 50(3) 48(3) 9(2) -13(2) -16(2) 
C18C 66(4) 63(3) 58(3) 21(2) -19(3) -25(3) 
C19C 75(4) 55(3) 91(4) 22(3) -32(3) -31(3) 
C00T 38(3) 49(2) 39(2) 7.3(18) 1.4(19) -13.4(19) 
C00X 39(3) 57(3) 40(2) 4.4(19) -6.7(19) -22(2) 
N02V 79(8) 64(6) 79(7) 5(5) -2(6) -8(5) 
C033 52(6) 71(6) 43(5) -1(4) -13(4) -25(5) 
C02W 39(5) 61(6) 52(5) -19(5) 3(4) -16(4) 
F6AA 188(10) 161(8) 105(7) 4(6) 19(7) -4(7) 
F7AA 123(9) 109(6) 161(9) -26(6) 14(7) -50(6) 
F8AA 68(7) 86(8) 95(5) 28(4) -14(5) -22(5) 
F9AA 98(7) 154(8) 114(8) 75(7) -44(7) -68(6) 
F0BA 134(7) 172(15) 103(10) 32(9) -36(6) -94(8) 
F02K 134(9) 102(6) 111(8) 60(6) -53(7) -56(6) 
F00M 108(10) 103(11) 86(5) 14(5) -33(5) -50(8) 
F01Q 78(5) 105(7) 95(7) -13(5) -18(4) -30(4) 
N1 67(6) 36(4) 60(5) -2(4) 2(5) -21(4) 
C2AA 36(5) 38(5) 56(6) -6(4) 18(5) -15(4) 
C3AA 34(7) 160(15) 79(8) 10(9) 5(6) -17(8) 
F00N 85(3) 111(3) 145(4) -33(3) -37(3) -39(2) 
F00W 135(4) 80(3) 157(5) -7(3) -40(4) -30(3) 
B3 67(4) 99(4) 77(4) -2(3) 3(3) -16(3) 
F1 111(7) 116(8) 105(9) 19(6) 32(6) -19(6) 
F2 124(9) 307(19) 88(7) -19(10) 21(7) -124(11) 
F3 140(10) 174(12) 134(8) 42(8) -14(7) 17(9) 
F4 148(11) 279(15) 115(7) -31(8) 8(7) -126(11) 
F0AA 80(5) 89(6) 102(8) 29(5) -21(4) -21(4) 
F5 83(6) 101(6) 95(6) -14(4) 20(5) -30(5) 
F7 169(11) 87(5) 152(10) -27(5) -7(8) 15(5) 
F8 105(8) 142(9) 77(4) -8(5) -7(4) -31(7) 
F5BA 84(4) 180(6) 217(7) -50(5) 34(4) -64(4) 
F9BA 222(8) 171(6) 110(4) 29(4) -83(5) -25(5) 
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B02P 55(4) 81(5) 73(4) -2(3) -15(3) -29(3) 
B02Z 98(5) 78(4) 74(4) 22(3) -13(3) -30(3) 
O1 87(12) 87(11) 46(7) 18(7) -17(8) -53(9) 
B0AA 113(4) 142(5) 112(4) 1(4) -52(3) -21(3) 
F2AA 123(5) 163(10) 132(7) -13(7) -60(5) -21(5) 
F1AA 139(6) 131(6) 112(5) 17(4) -42(4) -19(5) 
F4AA 147(8) 169(7) 120(5) 14(5) -59(5) -41(6) 
F3AA 165(9) 162(6) 177(10) 1(6) -68(7) -53(6) 
F2BA 116(5) 155(7) 166(9) -11(6) -48(5) -18(4) 
F5AA 130(7) 186(9) 120(5) -9(5) -50(4) -27(7) 
F1BA 115(5) 129(8) 127(7) 7(6) -60(5) -12(5) 
F3AB 195(10) 149(6) 129(7) -2(5) -37(6) -38(5) 
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Table 2.S3 Bond Lengths for 1 at 298 K. 
Atom Atom Length/Å   Atom Atom Length/Å 
Fe01 N1A 1.974(4)   C3B C4B 1.442(7) 
Fe01 N2A 2.013(4)   C5B C6B 1.389(7) 
Fe01 N1B 1.977(4)   C5B C00X 1.372(7) 
Fe01 N2B 2.013(4)   C6B C7B 1.367(7) 
Fe01 N1C 1.971(4)   C7B C8B 1.371(7) 
Fe01 N2C 1.998(4)   C8B C9B 1.395(7) 
Fe02 N3A 2.067(4)   C9B C00X 1.369(7) 
Fe02 N4A 2.022(4)   C10B C11B 1.377(7) 
Fe02 N3B 2.072(4)   C10B C15B 1.375(7) 
Fe02 N4B 2.016(5)   C11B C12B 1.401(7) 
Fe02 N3C 2.095(4)   C12B C13B 1.392(7) 
Fe02 N4C 2.023(4)   C13B C14B 1.377(7) 
S1A C1A 1.703(6)   C14B C15B 1.386(7) 
S1A C2A 1.692(6)   C16B C17B 1.454(7) 
S2A C19A 1.702(6)   C17B C18B 1.328(8) 
S2A C20A 1.703(6)   C2C C3C 1.379(7) 
S1B C1B 1.702(6)   C3C C4C 1.444(7) 
S1B C2B 1.696(6)   C5C C6C 1.388(7) 
S2B C18B 1.718(7)   C5C C00T 1.379(7) 
S2B C19B 1.694(8)   C6C C7C 1.383(7) 
S1C C1C 1.712(5)   C7C C8C 1.378(7) 
S1C C2C 1.683(6)   C8C C9C 1.391(7) 
S2C C18C 1.698(6)   C9C C00T 1.373(7) 
S2C C19C 1.705(6)   C10C C11C 1.391(8) 
O1A C8A 1.394(6)   C10C C15C 1.365(8) 
O1A C11A 1.397(6)   C11C C12C 1.383(7) 
O1B C7B 1.389(5)   C12C C13C 1.390(8) 
O1B C10B 1.403(5)   C13C C14C 1.375(7) 
O1C C7C 1.385(6)   C14C C15C 1.388(7) 
O1C C10C 1.398(6)   C16C C17C 1.451(7) 
N1A C1A 1.319(6)   C17C C18C 1.355(7) 
N1A C3A 1.376(6)   C2 C1AA 1.36(2) 
N2A C4A 1.287(6)   N5AA C1AB 1.04(2) 
N2A C5A 1.440(6)   N3 C1AA 1.08(2) 
N3A C14A 1.454(6)   N02V C02W 1.081(14) 
N3A C17A 1.275(6)   C033 C02W 1.423(16) 
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N4A C18A 1.388(6)   N0AA C1 1.09(3) 
N4A C20A 1.294(6)   C1 C4AA 1.40(3) 
N1B C1B 1.305(6)   F6AA B02Z 1.411(10) 
N1B C3B 1.380(6)   F7AA B02Z 1.389(10) 
N2B C4B 1.272(6)   F8AA B02Z 1.388(11) 
N2B C00X 1.444(6)   F9AA B02Z 1.362(10) 
N3B C13B 1.435(6)   F0BA B02Z 1.307(11) 
N3B C16B 1.284(7)   F02K B02Z 1.386(10) 
N4B C17B 1.389(7)   F00M B02Z 1.359(11) 
N4B C19B 1.309(7)   F01Q B02Z 1.461(10) 
N1C C1C 1.299(6)   N1 C2AA 1.069(13) 
N1C C3C 1.381(6)   C2AA C3AA 1.460(17) 
N2C C4C 1.286(6)   F00N B02P 1.367(7) 
N2C C00T 1.441(6)   F00W B02P 1.364(7) 
N3C C13C 1.427(6)   B3 F1 1.368(10) 
N3C C16C 1.287(6)   B3 F2 1.325(11) 
N4C C17C 1.385(6)   B3 F3 1.369(11) 
N4C C19C 1.288(7)   B3 F4 1.390(10) 
C2A C3A 1.359(7)   B3 F0AA 1.356(10) 
C3A C4A 1.449(7)   B3 F5 1.414(10) 
C5A C6A 1.392(7)   B3 F7 1.331(10) 
C5A C10A 1.379(7)   B3 F8 1.416(10) 
C6A C7A 1.398(7)   F5BA B02P 1.328(8) 
C7A C8A 1.378(7)   F9BA B02P 1.341(8) 
C8A C9A 1.367(7)   C1AB C0AA 1.34(3) 
C9A C10A 1.386(7)   N0AB C5AA 1.01(2) 
C11A C12A 1.363(7)   C5AA C4AB 1.52(3) 
C11A C16A 1.359(7)   B0AA F2AA 1.335(11) 
C12A C13A 1.394(8)   B0AA F1AA 1.420(11) 
C13A C14A 1.363(7)   B0AA F4AA 1.357(11) 
C14A C15A 1.364(7)   B0AA F3AA 1.321(11) 
C15A C16A 1.383(8)   B0AA F2BA 1.329(11) 
C17A C18A 1.458(7)   B0AA F5AA 1.370(11) 
C18A C19A 1.346(7)   B0AA F1BA 1.334(11) 
C2B C3B 1.372(8)   B0AA F3AB 1.409(11) 
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Table 2.S4 Bond Angles for 1 at 298 K. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N1A Fe01 N2A 80.55(15)   C2B C3B N1B 114.2(5) 
N1A Fe01 N1B 93.14(16)   C2B C3B C4B 131.5(5) 
N1A Fe01 N2B 173.33(16)   N2B C4B C3B 116.5(4) 
N1A Fe01 N2C 89.42(16)   C00X C5B C6B 119.8(5) 
N1B Fe01 N2A 90.05(16)   C7B C6B C5B 120.4(5) 
N1B Fe01 N2B 80.55(16)   C6B C7B O1B 118.7(4) 
N1B Fe01 N2C 173.67(15)   C6B C7B C8B 120.0(5) 
N2B Fe01 N2A 97.19(15)   C8B C7B O1B 121.1(4) 
N1C Fe01 N1A 91.65(15)   C7B C8B C9B 119.5(5) 
N1C Fe01 N2A 171.67(16)   C00X C9B C8B 120.4(5) 
N1C Fe01 N1B 93.30(16)   C11B C10B O1B 120.5(4) 
N1C Fe01 N2B 90.88(15)   C15B C10B O1B 118.2(4) 
N1C Fe01 N2C 80.82(16)   C15B C10B C11B 121.1(4) 
N2C Fe01 N2A 96.08(16)   C10B C11B C12B 119.5(5) 
N2C Fe01 N2B 97.08(16)   C13B C12B C11B 119.3(5) 
N3A Fe02 N3B 99.12(16)   C12B C13B N3B 120.2(4) 
N3A Fe02 N3C 91.58(15)   C14B C13B N3B 119.7(4) 
N4A Fe02 N3A 79.74(15)   C14B C13B C12B 120.1(4) 
N4A Fe02 N3B 92.40(15)   C13B C14B C15B 120.5(4) 
N4A Fe02 N3C 167.45(15)   C10B C15B C14B 119.3(4) 
N4A Fe02 N4C 91.41(16)   N3B C16B C17B 117.1(5) 
N3B Fe02 N3C 97.95(14)   N4B C17B C16B 114.6(5) 
N4B Fe02 N3A 174.38(16)   C18B C17B N4B 115.5(5) 
N4B Fe02 N4A 94.78(17)   C18B C17B C16B 129.8(6) 
N4B Fe02 N3B 79.71(17)   C17B C18B S2B 109.8(5) 
N4B Fe02 N3C 94.03(17)   N4B C19B S2B 114.4(6) 
N4B Fe02 N4C 90.67(18)   N1C C1C S1C 114.1(4) 
N4C Fe02 N3A 90.74(17)   C3C C2C S1C 109.7(4) 
N4C Fe02 N3B 169.92(17)   N1C C3C C4C 114.5(4) 
N4C Fe02 N3C 79.57(15)   C2C C3C N1C 114.3(4) 
C2A S1A C1A 90.5(3)   C2C C3C C4C 131.1(5) 
C19A S2A C20A 89.9(3)   N2C C4C C3C 115.5(4) 
C2B S1B C1B 91.2(3)   C00T C5C C6C 120.5(5) 
C19B S2B C18B 90.0(3)   C7C C6C C5C 119.4(5) 
C2C S1C C1C 90.8(3)   C6C C7C O1C 116.8(4) 
C18C S2C C19C 90.0(3)   C8C C7C O1C 122.8(4) 
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C8A O1A C11A 116.5(3)   C8C C7C C6C 120.3(4) 
C7B O1B C10B 115.6(3)   C7C C8C C9C 119.5(5) 
C7C O1C C10C 116.6(4)   C00T C9C C8C 120.5(4) 
C1A N1A Fe01 135.4(3)   C11C C10C O1C 118.6(6) 
C1A N1A C3A 110.3(4)   C15C C10C O1C 119.7(5) 
C3A N1A Fe01 114.3(3)   C15C C10C C11C 121.7(5) 
C4A N2A Fe01 115.0(3)   C12C C11C C10C 118.4(6) 
C4A N2A C5A 116.4(4)   C11C C12C C13C 120.8(5) 
C5A N2A Fe01 128.4(3)   C12C C13C N3C 120.6(4) 
C14A N3A Fe02 129.4(3)   C14C C13C N3C 120.3(5) 
C17A N3A Fe02 114.9(3)   C14C C13C C12C 119.1(5) 
C17A N3A C14A 115.7(4)   C13C C14C C15C 120.9(5) 
C18A N4A Fe02 112.9(3)   C10C C15C C14C 118.9(5) 
C20A N4A Fe02 137.0(4)   N3C C16C C17C 117.6(4) 
C20A N4A C18A 110.1(4)   N4C C17C C16C 115.0(4) 
C1B N1B Fe01 134.7(4)   C18C C17C N4C 115.4(5) 
C1B N1B C3B 111.9(4)   C18C C17C C16C 129.5(5) 
C3B N1B Fe01 113.4(3)   C17C C18C S2C 109.4(4) 
C4B N2B Fe01 115.3(3)   N4C C19C S2C 115.2(4) 
C4B N2B C00X 117.2(4)   C5C C00T N2C 120.5(4) 
C00X N2B Fe01 127.4(3)   C9C C00T N2C 119.9(4) 
C13B N3B Fe02 127.7(3)   C9C C00T C5C 119.7(4) 
C16B N3B Fe02 114.5(3)   C5B C00X N2B 119.7(4) 
C16B N3B C13B 117.9(4)   C9B C00X N2B 120.6(4) 
C17B N4B Fe02 113.5(3)   C9B C00X C5B 119.7(5) 
C19B N4B Fe02 136.2(5)   N3 C1AA C2 179(2) 
C19B N4B C17B 110.2(6)   N02V C02W C033 177.2(12) 
C1C N1C Fe01 135.6(4)   N0AA C1 C4AA 177(3) 
C1C N1C C3C 111.1(4)   N1 C2AA C3AA 174.1(12) 
C3C N1C Fe01 113.3(3)   F1 B3 F3 102.0(9) 
C4C N2C Fe01 115.7(3)   F1 B3 F4 102.6(10) 
C4C N2C C00T 117.1(4)   F2 B3 F1 121.2(13) 
C00T N2C Fe01 127.1(3)   F2 B3 F3 106.4(11) 
C13C N3C Fe02 128.4(3)   F2 B3 F4 103.8(10) 
C16C N3C Fe02 113.6(3)   F3 B3 F4 122.4(14) 
C16C N3C C13C 117.4(4)   F0AA B3 F5 103.4(8) 
C17C N4C Fe02 113.7(3)   F0AA B3 F8 102.1(8) 
C19C N4C Fe02 136.3(4)   F5 B3 F8 107.2(9) 
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C19C N4C C17C 110.0(4)   F7 B3 F0AA 108.8(9) 
N1A C1A S1A 114.1(4)   F7 B3 F5 116.4(10) 
C3A C2A S1A 110.0(4)   F7 B3 F8 117.2(10) 
N1A C3A C4A 113.7(4)   F00W B02P F00N 108.5(5) 
C2A C3A N1A 115.1(4)   F5BA B02P F00N 111.5(6) 
C2A C3A C4A 131.2(4)   F5BA B02P F00W 108.7(6) 
N2A C4A C3A 116.4(4)   F5BA B02P F9BA 108.9(7) 
C6A C5A N2A 121.3(4)   F9BA B02P F00N 110.9(6) 
C10A C5A N2A 118.5(4)   F9BA B02P F00W 108.2(6) 
C10A C5A C6A 120.1(4)   F7AA B02Z F01Q 96.7(8) 
C5A C6A C7A 119.7(5)   F8AA B02Z F7AA 102.0(10) 
C8A C7A C6A 119.1(5)   F8AA B02Z F01Q 105.0(11) 
C7A C8A O1A 118.6(4)   F9AA B02Z F6AA 82.4(9) 
C9A C8A O1A 120.4(5)   F0BA B02Z F6AA 115.6(11) 
C9A C8A C7A 121.0(4)   F0BA B02Z F9AA 110.2(10) 
C8A C9A C10A 120.4(5)   F0BA B02Z F00M 118.8(13) 
C5A C10A C9A 119.6(5)   F02K B02Z F7AA 146.4(10) 
C12A C11A O1A 118.0(4)   F02K B02Z F8AA 104.4(11) 
C16A C11A O1A 121.7(5)   F02K B02Z F01Q 96.2(9) 
C16A C11A C12A 120.3(5)   F00M B02Z F6AA 106.4(12) 
C11A C12A C13A 119.3(5)   F00M B02Z F9AA 117.8(12) 
C14A C13A C12A 120.6(5)   N5AA C1AB C0AA 175(3) 
C13A C14A N3A 122.3(4)   N0AB C5AA C4AB 169(2) 
C13A C14A C15A 119.1(5)   F2AA B0AA F1AA 102.0(10) 
C15A C14A N3A 118.5(4)   F2AA B0AA F4AA 115.8(12) 
C14A C15A C16A 120.6(5)   F4AA B0AA F1AA 104.8(10) 
C11A C16A C15A 119.9(5)   F3AA B0AA F2AA 112.5(11) 
N3A C17A C18A 116.6(4)   F3AA B0AA F1AA 108.5(11) 
N4A C18A C17A 115.2(4)   F3AA B0AA F4AA 112.2(10) 
C19A C18A N4A 115.2(5)   F2BA B0AA F5AA 108.6(9) 
C19A C18A C17A 129.5(5)   F2BA B0AA F1BA 117.7(11) 
C18A C19A S2A 109.8(4)   F2BA B0AA F3AB 107.8(11) 
N4A C20A S2A 115.0(4)   F5AA B0AA F3AB 99.6(10) 
N1B C1B S1B 113.4(4)   F1BA B0AA F5AA 113.8(12) 
C3B C2B S1B 109.3(4)   F1BA B0AA F3AB 107.6(10) 
N1B C3B C4B 114.3(4)           
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Table 2.S5 Hydrogen Atom Coordinates (Å×10
4
) and Isotropic Displacement Parameters (Å
2
×10
3
) for 1 
at 298 K. 
Atom x y z U(eq) 
H1A 5255 263 8599 66 
H2A 3775 986 6914 69 
H4A 3759 2795 7097 58 
H6A 3028 4593 8304 53 
H7A 3026 6041 8024 56 
H9A 5529 5037 6686 61 
H10A 5547 3597 6959 58 
H12A 4868 7610 6431 72 
H13A 6604 8041 6349 75 
H15A 7951 6256 7582 83 
H16A 6225 5831 7671 86 
H17A 7812 8430 7536 55 
H19A 9348 9294 7999 69 
H20A 12240 7769 6845 66 
H1B 2506 1928 8796 62 
H2B 1749 4256 9920 78 
H4B 4115 4374 9641 59 
H5B 7090 2841 9543 71 
H6B 8716 3393 9552 71 
H8B 7015 5550 8664 80 
H9B 5385 4995 8654 81 
H11B 9707 3911 8109 73 
H12B 10528 4339 7195 73 
H14B 10234 6734 7942 57 
H15B 9473 6291 8855 57 
H16B 12297 4890 6858 61 
H18B 13969 4891 5890 90 
H19B 11915 7398 5289 96 
H1C 4508 1583 9922 63 
H2C 8199 338 9609 71 
H4C 8238 1240 8470 59 
H5C 6879 1333 7181 65 
H6C 7644 1745 6258 71 
H8C 8514 3698 7113 64 
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H9C 7732 3282 8031 64 
H11C 7051 4458 5964 73 
H12C 7312 5872 5872 70 
H14C 10822 4814 5823 56 
H15C 10576 3399 5949 63 
H16C 8229 6695 5156 55 
H18C 8037 8368 4631 72 
H19C 10111 9007 5944 84 
H2D 9583 1699 10088 61 
H2E 9543 1058 10636 61 
H2F 10512 1570 10575 61 
H03A 3399 8356 8633 79 
H03B 3880 7584 8146 79 
H03C 4719 8123 8358 79 
H4AA 10381 1142 6731 79 
H4AB 10077 1219 7437 79 
H4AC 11346 676 7171 79 
H3AA 6161 -86 5317 140 
H3AB 5398 802 5645 140 
H3AC 5101 -99 5790 140 
H0AA 9228 1343 10825 102 
H0AB 10229 1776 10597 102 
H0AC 9251 1731 10166 102 
H4AD 10803 1086 6856 78 
H4AE 9930 1402 7438 78 
H4AF 11225 800 7504 78 
 
 
 
 
 
 
  
Direct Monitoring of Spin Transitio in a Dinuclear Triple-Stranded Helicate Iron(II) Complex Through X-ray Photoelectron 
Spectroscopy 
73 
 
Table 2.S6 Atomic Occupancy for 1 at 298 K. 
Atom Occupancy 
 
Atom Occupancy 
 
Atom Occupancy 
C2 0.25 
 
H2D 0.25 
 
H2E 0.25 
H2F 0.25 
 
N5AA 0.25 
 
N3 0.25 
C1AA 0.25 
 
N02V 0.5 
 
C033 0.5 
H03A 0.5 
 
H03B 0.5 
 
H03C 0.5 
C02W 0.5 
 
N0AA 0.25 
 
C1 0.25 
C4AA 0.25 
 
H4AA 0.25 
 
H4AB 0.25 
H4AC 0.25 
 
F6AA 0.5 
 
F7AA 0.5 
F8AA 0.5 
 
F9AA 0.5 
 
F0BA 0.5 
F02K 0.5 
 
F00M 0.5 
 
F01Q 0.5 
N1 0.5 
 
C2AA 0.5 
 
C3AA 0.5 
H3AA 0.5 
 
H3AB 0.5 
 
H3AC 0.5 
F1 0.5 
 
F2 0.5 
 
F3 0.5 
F4 0.5 
 
F0AA 0.5 
 
F5 0.5 
F7 0.5 
 
F8 0.5 
 
O1 0.25 
C1AB 0.25 
 
C0AA 0.25 
 
H0AA 0.25 
H0AB 0.25 
 
H0AC 0.25 
 
N0AB 0.25 
C5AA 0.25 
 
C4AB 0.25 
 
H4AD 0.25 
H4AE 0.25 
 
H4AF 0.25 
 
F2AA 0.5 
F1AA 0.5 
 
F4AA 0.5 
 
F3AA 0.5 
F2BA 0.5 
 
F5AA 0.5 
 
F1BA 0.5 
F3AB 0.5 
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Refinement model description  
Number of restraints - 399, number of constraints - unknown.  
Details: 
1. Fixed Uiso 
 At 1.2 times of: 
  All C(H) groups 
 At 1.5 times of: 
  All C(H,H,H) groups 
 
2. Restrained distances 
 F7AA-F8AA ≈ F7AA-F01Q ≈ F8AA-F02K ≈ F8AA-F01Q ≈ F02K-F01Q 
 with sigma of 0.04 
 F1-F3 ≈ F1-F4 ≈ F2-F3 ≈ F2-F4 
 with sigma of 0.04 
 B3-F1 ≈ B3-F2 ≈ B3-F3 ≈ B3-F4 
 with sigma of 0.02 
 F6AA-F9AA ≈ F6AA-F0BA ≈ F6AA-F00M ≈ F9AA-F0BA ≈ F0BA-F00M 
 with sigma of 0.04 
 B02Z-F6AA ≈ B02Z-F9AA ≈ B02Z-F0BA ≈ B02Z-F00M 
 with sigma of 0.02 
 F00N-F00W ≈ F00N-F5BA ≈ F00N-F9BA ≈ F00W-F5BA ≈ F00W-F9BA 
≈ F5BA-F9BA 
 with sigma of 0.04 
 B02P-F00N ≈ B02P-F00W ≈ B02P-F5BA ≈ B02P-F9BA 
 with sigma of 0.02 
 F0AA-F5 ≈ F0AA-F7 ≈ F0AA-F8 
 with sigma of 0.04 
 F6AA-F9AA ≈ F6AA-F0BA ≈ F6AA-F00M ≈ F7AA-F8AA ≈ F7AA-F01Q 
≈ F8AA-F02K ≈ F9AA- 
 F0BA ≈ F0BA-F00M ≈ F02K-F01Q 
 with sigma of 0.04 
 B02Z-F6AA ≈ B02Z-F7AA ≈ B02Z-F8AA ≈ B02Z-F9AA ≈ B02Z-F0BA 
≈ B02Z-F02K ≈ B02Z- 
 F00M ≈ B02Z-F01Q 
 with sigma of 0.02 
 F1-F3 ≈ F1-F4 ≈ F2-F3 ≈ F2-F4 ≈ F0AA-F5 ≈ F0AA-F7 ≈ 
F0AA-F8 ≈ F5-F8 
 with sigma of 0.04 
 B3-F1 ≈ B3-F2 ≈ B3-F3 ≈ B3-F4 ≈ B3-F0AA ≈ B3-F5 ≈ 
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B3-F7 ≈ B3-F8 
 with sigma of 0.02 
 C1AB-C0AA ≈ C2-C1AA 
 with sigma of 0.02 
 N5AA-C1AB ≈ N3-C1AA 
 with sigma of 0.02 
 F2AA-F1AA ≈ F2AA-F4AA ≈ F2AA-F3AA ≈ F1AA-F3AA ≈ F4AA-F3AA 
≈ F2BA-F5AA ≈ F2BA- 
 F3AB ≈ F5AA-F3AB ≈ F1BA-F3AB 
 with sigma of 0.04 
 B0AA-F2AA ≈ B0AA-F1AA ≈ B0AA-F4AA ≈ B0AA-F3AA ≈ B0AA-F2BA 
≈ B0AA-F5AA ≈ B0AA- 
 F1BA ≈ B0AA-F3AB 
 with sigma of 0.02 
3. Rigid bond restraints 
 F4AA, F5AA, F2BA, F1AA, F3AA, F3AB, F2AA, F1BA 
 with sigma for 1-2 distances of 0.01 and sigma for 1-3 distances of 0.01 
4. Rigid body (RIGU) restrains 
 F00M, F01Q, F7AA, F9AA 
 with sigma for 1-2 distances of 0.004 and sigma for 1-3 distances of 0.004 
 F02K, F6AA, F8AA, F0BA 
 with sigma for 1-2 distances of 0.004 and sigma for 1-3 distances of 0.004 
 C1AA 
 with sigma for 1-2 distances of 0.004 and sigma for 1-3 distances of 0.004 
 C1AA, N3, N5AA 
 with sigma for 1-2 distances of 0.004 and sigma for 1-3 distances of 0.004 
 F6AA, F7AA, F8AA, F9AA, F0BA, F02K, F00M, F01Q, B02Z 
 with sigma for 1-2 distances of 0.004 and sigma for 1-3 distances of 0.004 
 B3, F1, F2, F3, F4, F0AA, F5, F7, F8 
 with sigma for 1-2 distances of 0.004 and sigma for 1-3 distances of 0.004 
 C2, N5AA, N3, C1AA, C1AB, C0AA 
 with sigma for 1-2 distances of 0.004 and sigma for 1-3 distances of 0.004 
 B0AA, F2AA, F1AA, F4AA, F3AA, F2BA, F5AA, F1BA, F3AB 
 with sigma for 1-2 distances of 0.002 and sigma for 1-3 distances of 0.002 
 Fe02, N4B 
 with sigma for 1-2 distances of 0.002 and sigma for 1-3 distances of 0.002 
5. Others 
 Fixed Sof: C2(0.25) H2D(0.25) H2E(0.25) H2F(0.25) N5AA(0.25) N3(0.25) 
 C1AA(0.25) N02V(0.5) C033(0.5) H03A(0.5) H03B(0.5) H03C(0.5) C02W(0.5) 
 N0AA(0.25) C1(0.25) C4AA(0.25) H4AA(0.25) H4AB(0.25) H4AC(0.25) F6AA(0.5) 
 F7AA(0.5) F8AA(0.5) F9AA(0.5) F0BA(0.5) F02K(0.5) F00M(0.5) F01Q(0.5) N1(0.5) 
 C2AA(0.5) C3AA(0.5) H3AA(0.5) H3AB(0.5) H3AC(0.5) F1(0.5) F2(0.5) F3(0.5) 
 F4(0.5) F0AA(0.5) F5(0.5) F7(0.5) F8(0.5) O1(0.25) C1AB(0.25) C0AA(0.25) 
 H0AA(0.25) H0AB(0.25) H0AC(0.25) N0AB(0.25) C5AA(0.25) C4AB(0.25) H4AD(0.25) 
 H4AE(0.25) H4AF(0.25) F2AA(0.5) F1AA(0.5) F4AA(0.5) F3AA(0.5) F2BA(0.5) 
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 F5AA(0.5) F1BA(0.5) F3AB(0.5) 
6.a Aromatic/amide H refined with riding coordinates: 
 C1A(H1A), C2A(H2A), C4A(H4A), C6A(H6A), C7A(H7A), C9A(H9A), C10A(H10A), 
 C12A(H12A), C13A(H13A), C15A(H15A), C16A(H16A), C17A(H17A), C19A(H19A), 
 C20A(H20A), C1B(H1B), C2B(H2B), C4B(H4B), C5B(H5B), C6B(H6B), C8B(H8B), 
 C9B(H9B), C11B(H11B), C12B(H12B), C14B(H14B), C15B(H15B), C16B(H16B), 
 C18B(H18B), C19B(H19B), C1C(H1C), C2C(H2C), C4C(H4C), C5C(H5C), C6C(H6C), 
 C8C(H8C), C9C(H9C), C11C(H11C), C12C(H12C), C14C(H14C), C15C(H15C), C16C(H16C), 
  C18C(H18C), C19C(H19C) 
6.b Idealised Me refined as rotating group: 
 C2(H2D,H2E,H2F), C033(H03A,H03B,H03C), C4AA(H4AA,H4AB,H4AC), C3AA(H3AA,H3AB, 
 H3AC), C0AA(H0AA,H0AB,H0AC), C4AB(H4AD,H4AE,H4AF 
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Table 2.S7 Fractional Atomic Coordinates (×10
4
) and Equivalent Isotropic Displacement Parameters 
(Å
2
×10
3
) for 1 at 100 K. Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Fe01 4937.8(3) 2984.4(2) 8588.3(2) 11.95(7) 
Fe02 9958.2(3) 7587.9(2) 6410.6(2) 12.19(7) 
S1A 8670.3(5) 9402.2(4) 4823.3(2) 21.11(12) 
S2A 6027.5(6) 680.1(4) 9894.1(3) 22.26(12) 
S1B 10418.4(5) 10050.9(3) 7322.4(3) 20.98(12) 
S2B 3636.9(5) 1151.3(4) 7394.3(2) 18.30(11) 
S1C 13758.2(5) 6935.1(4) 5602.7(3) 20.01(12) 
S2C 1438.4(6) 3750.1(4) 9757.5(3) 25.87(13) 
O1A 6198.5(17) 7091(1) 8970.4(7) 24.2(4) 
O1B 10743.3(13) 3471.8(10) 7883.7(7) 17.8(3) 
O1C 5979.9(13) 5156.3(10) 5848.9(6) 15.5(3) 
N1A 9287.7(16) 8369.9(11) 5731.6(8) 14.5(4) 
N2A 8252.6(16) 7957.1(11) 6727.5(8) 14.7(4) 
N3A 5716.3(16) 3620.4(11) 9165.5(8) 13.2(3) 
N4A 5505.3(16) 2010.7(12) 9173.6(8) 14.9(4) 
N1B 10200.0(16) 8609.5(12) 6859.5(8) 15.5(4) 
N2B 10592.6(16) 6965.5(11) 7178.9(8) 13.6(3) 
N3B 6472.4(16) 2527.6(11) 8057.7(8) 13.4(3) 
N4B 4453.4(16) 2171.5(11) 8039.7(8) 13.7(3) 
N1C 11591.3(16) 7248.6(12) 6010.2(8) 15.1(4) 
N2C 9920.1(16) 6493.9(12) 5933.1(8) 14.1(3) 
N3C 4165.1(16) 4053.8(11) 8086.7(8) 13.4(3) 
N4C 3374.5(17) 3380.0(12) 9063.0(8) 16.6(4) 
C1A 9718(2) 8637.7(14) 5215.2(10) 18.2(4) 
C2A 7583(2) 9363.9(15) 5381.6(10) 21.3(5) 
C3A 8062(2) 8782.8(14) 5830(1) 17.5(4) 
C4A 7529(2) 8528.9(14) 6396(1) 17.8(4) 
C5A 7738.7(19) 7713.4(14) 7304.1(9) 15.0(4) 
C6A 7724(2) 8202.4(15) 7842.1(10) 19.3(4) 
C7A 7221(2) 7974.2(15) 8397.6(10) 20.7(5) 
C8A 6738(2) 7256.9(14) 8406.9(10) 18.2(4) 
C9A 6749(2) 6769.8(14) 7870.6(10) 18.1(4) 
C10A 7254(2) 7000.6(14) 7315.6(10) 17.9(4) 
C11A 6073(2) 6225.4(14) 9032.3(9) 18.6(5) 
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C12A 4946(2) 6119.1(14) 9078.2(9) 18.2(4) 
C13A 4828(2) 5254.3(14) 9138.5(9) 15.9(4) 
C14A 5845(2) 4513.9(13) 9128.7(9) 15.0(4) 
C15A 6975(2) 4636.6(14) 9092.9(9) 17.8(4) 
C16A 7090(2) 5498.2(15) 9050.5(10) 20.5(5) 
C17A 6310.5(19) 3110.4(14) 9577.4(9) 15.3(4) 
C18A 6186.4(19) 2215.1(14) 9618.4(9) 15.2(4) 
C19A 6556(2) 1565.8(15) 10042.9(10) 19.5(4) 
C20A 5355(2) 1216.5(15) 9266.1(10) 19.6(4) 
C1B 10001(2) 9473.6(14) 6754.2(10) 18.3(4) 
C2B 10886(2) 9087.8(14) 7733.2(10) 19.0(4) 
C3B 10702.7(19) 8388.7(14) 7421.2(9) 15.9(4) 
C4B 10898.6(19) 7455.3(14) 7578.3(10) 16.3(4) 
C5B 10671.6(19) 6058.6(13) 7357.2(9) 14.2(4) 
C6B 11459.3(19) 5322.6(14) 7036.9(9) 14.7(4) 
C7B 11472.7(19) 4449.6(14) 7209.1(10) 15.4(4) 
C8B 10713.9(19) 4338.4(13) 7700.7(10) 15.2(4) 
C9B 9945.5(19) 5072.7(14) 8031.3(10) 16.2(4) 
C10B 9929.7(19) 5934.8(14) 7859.6(10) 16.1(4) 
C11B 9641.2(19) 3292.5(13) 7953.7(10) 15.3(4) 
C12B 9531(2) 2627.6(14) 8363.1(11) 19.7(5) 
C13B 8484(2) 2378.8(14) 8403.6(11) 20.0(5) 
C14B 7550.0(19) 2803.2(13) 8049.6(9) 13.6(4) 
C15B 7658(2) 3483.3(15) 7657.8(11) 20.7(5) 
C16B 8701(2) 3730.8(15) 7607.6(11) 21.2(5) 
C17B 6512.1(19) 1875.0(14) 7687.2(9) 15.5(4) 
C18B 5407.5(19) 1652.6(14) 7650.5(9) 15.2(4) 
C19B 5117(2) 1073.0(15) 7268(1) 18.0(4) 
C20B 3473.0(19) 1967.5(14) 7948.8(9) 16.1(4) 
C1C 12512.6(19) 7558.6(14) 6029.6(10) 16.3(4) 
C2C 13009(2) 6216.4(15) 5375.9(10) 19.8(4) 
C3C 11861.9(19) 6482.8(14) 5635.6(9) 16.0(4) 
C4C 10884.6(19) 6101.6(14) 5596.3(10) 16.5(4) 
C5C 8927.9(19) 6132.5(14) 5901.7(9) 15.2(4) 
C6C 7942(2) 6597.1(15) 5592.5(10) 20.0(4) 
C7C 6965(2) 6269.0(15) 5580.2(10) 19.7(4) 
C8C 6970.9(19) 5477.7(14) 5878.9(9) 14.6(4) 
C9C 7970(2) 4989.6(15) 6163.7(11) 20.5(5) 
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C10C 8947(2) 5318.8(15) 6175.7(11) 21.1(5) 
C11C 5531.6(19) 4893.9(14) 6414.6(9) 14.7(4) 
C12C 5374.8(19) 4045.7(14) 6445.4(9) 15.7(4) 
C13C 4915.8(19) 3773.2(14) 6998.5(9) 15.0(4) 
C14C 4614.6(18) 4352.4(14) 7512.3(9) 13.4(4) 
C15C 4739(2) 5214.6(14) 7468.5(9) 17.9(4) 
C16C 5198(2) 5487.9(14) 6915.4(10) 19.2(4) 
C17C 3130.1(19) 4538.9(14) 8319.6(9) 16.2(4) 
C18C 2652(2) 4201.1(14) 8871.8(9) 16.7(4) 
C19C 1584(2) 4511.5(16) 9208.7(10) 21.8(5) 
C20C 2836(2) 3073.7(16) 9530.1(10) 21.5(5) 
N025 2110(2) -183.9(15) 11542.2(11) 35.6(5) 
C1 704(3) 334(5) 10672.6(19) 117(3) 
C030 1497(3) 53(2) 11160.9(13) 34.5(6) 
F2 -2261(9) 3569(8) 10842(7) 57(3) 
F3 -1400(12) 2132(7) 10878(6) 73(3) 
F15 -80(20) 2780(20) 10880(11) 54(7) 
F2AA -1112(9) 2790(12) 10044(4) 72(4) 
F02H -1587(4) 2343(3) 10611(2) 60.8(11) 
F00K -150(9) 2991(8) 10877(3) 39.8(17) 
F01T -1342(2) 3557(2) 10146.6(11) 57.9(7) 
F00X -2014(2) 3636.0(17) 11156.7(12) 42.4(6) 
B037 -1247(3) 3064(2) 10690.8(14) 33.7(7) 
F1 1927(5) -113(3) 9213(2) 46.2(12) 
F011 3500(4) 329(3) 8821(2) 37.1(10) 
F034 1900(4) 1359(2) 9244.2(18) 49.8(10) 
F035 1159(4) 1053(2) 9267.3(14) 46.4(10) 
F01A 2107(4) -386(3) 8953.0(19) 32.1(10) 
F0AA 3097(6) 666(4) 8950(3) 35.6(14) 
F00B 1753.1(13) 710.5(10) 8290.2(7) 29.8(3) 
B036 2157(3) 539(2) 8875.2(14) 35.6(8) 
N031 13578(3) 7336.1(18) 7697(2) 66.1(10) 
C032 14224(3) 8770.4(18) 7828.6(14) 36.9(6) 
C02Z 13865(2) 7963.2(18) 7755.3(15) 35.6(6) 
N02T 6763(3) -2911(2) 3860.8(14) 53.4(8) 
C02S 6133(2) -2334.2(19) 4146.6(11) 29.5(6) 
C02X 5328(3) -1597.7(18) 4508.5(13) 34.5(6) 
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N02O 9818(2) 6816.8(17) 4358.0(11) 41.9(6) 
C02U 9531(2) 7276.6(17) 3952.2(12) 30.4(6) 
C02Y 9174(3) 7862.1(18) 3431.8(12) 32.6(6) 
F00G 10884.6(14) 8890.4(11) 3994.0(8) 41.3(4) 
F00H 12726.0(17) 8982.3(13) 3671.1(7) 44.9(4) 
F00T 12442.6(17) 8171.5(18) 4519.7(9) 65.7(7) 
F00Y 12239(2) 7688.2(13) 3556.9(10) 66.5(6) 
B033 12095(3) 8426.0(19) 3936.1(12) 23.9(6) 
F009 4717.4(14) -1652.9(9) 6098.7(7) 29.4(3) 
F1AA 4775.6(13) -290.4(10) 6435.4(7) 30.8(3) 
F00E 3015.2(15) -635.1(12) 6507.0(8) 42.3(4) 
F00F 3858.6(17) -397.9(11) 5571.7(7) 43.9(4) 
B02V 4084(2) -745.2(17) 6152.9(12) 19.4(5) 
O1 1901(4) 1797(3) 10282.7(19) 38.8(9) 
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Table 2.S8 Anisotropic Displacement Parameters (Å
2
×10
3
) for 1 at 100 K. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Fe01 11.34(15) 15.13(14) 10.85(13) 1.73(10) -1.57(11) -6.04(11) 
Fe02 9.22(15) 15.52(14) 12.94(14) 2.7(1) -1.41(11) -5.26(11) 
S1A 22.2(3) 22.9(3) 17.0(2) 7.5(2) -1.6(2) -4.6(2) 
S2A 25.5(3) 19.9(3) 24.2(3) 9.5(2) -5.3(2) -10.3(2) 
S1B 23.0(3) 15.7(2) 25.7(3) 0.3(2) 0.2(2) -8.3(2) 
S2B 17.4(3) 24.3(3) 17.8(2) -0.53(19) -3.5(2) -12.8(2) 
S1C 10.5(3) 24.8(3) 26.2(3) -1.6(2) 1.3(2) -8.1(2) 
S2C 19.1(3) 40.6(3) 17.2(3) 2.6(2) 5.0(2) -9.2(3) 
O1A 39.6(11) 17.7(8) 17.7(7) -3.9(6) 12.6(7) -15.7(7) 
O1B 9.5(8) 15.6(7) 31.0(8) 6.1(6) -5.9(6) -7.1(6) 
O1C 13.6(8) 25.7(8) 11.3(6) 2.4(5) -1.7(6) -12.1(6) 
N1A 12.4(9) 16.8(8) 15.8(8) 2.6(6) -1.8(7) -6.2(7) 
N2A 13.9(9) 17.6(8) 14.5(8) 1.6(6) -1.1(7) -7.5(7) 
N3A 12.5(9) 16.0(8) 12.2(8) 0.6(6) 0.7(6) -6.4(7) 
N4A 12.0(9) 19.3(8) 15.2(8) 2.3(7) -0.4(7) -7.5(7) 
N1B 11.8(9) 17.8(8) 17.2(8) 4.0(7) -0.7(7) -4.6(7) 
N2B 11.3(9) 14.1(8) 16.1(8) 3.1(6) -0.9(7) -5.1(7) 
N3B 12.5(9) 16.3(8) 14.3(8) 1.9(6) -2.5(7) -8.0(7) 
N4B 12.8(9) 17.1(8) 13.3(8) 4.6(6) -1.7(7) -7.7(7) 
N1C 13.9(9) 18.6(8) 14.2(8) 3.1(7) -2.4(7) -6.7(7) 
N2C 10.0(9) 19.8(8) 14.9(8) 2.9(6) -1.8(7) -8.1(7) 
N3C 11.5(9) 19.7(8) 11.0(8) 1.4(6) -1.9(6) -7.3(7) 
N4C 16.2(9) 23.0(9) 12.4(8) 1.3(7) -2.6(7) -8.1(7) 
C1A 17.5(11) 19.6(10) 17.7(10) 4.1(8) -1.5(8) -5.9(8) 
C2A 17.5(12) 24.8(11) 19.1(10) 4.2(8) -0.9(9) -2.5(9) 
C3A 13.0(11) 21.3(10) 18(1) 3.3(8) -0.8(8) -4.7(8) 
C4A 11.9(11) 22.2(10) 18.1(10) 2.6(8) 0.3(8) -3.4(8) 
C5A 10.5(10) 19.1(10) 15.2(9) 2.4(8) 0.7(8) -4.4(8) 
C6A 20.3(12) 19.8(10) 20.2(10) 0.0(8) 1.9(9) -10.5(9) 
C7A 28.4(13) 19.7(10) 16.5(10) -2.9(8) 2.4(9) -11.7(9) 
C8A 20.6(12) 17.5(10) 15.9(10) 1.8(8) 4.9(8) -6.0(9) 
C9A 20.6(12) 18(1) 17.9(10) -0.4(8) 2.0(8) -9.9(9) 
C10A 17.8(11) 20.6(10) 16.4(10) -0.7(8) 1.1(8) -7.8(9) 
C11A 30.8(13) 16(1) 11.3(9) -1.7(7) 5.1(9) -12.0(9) 
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C12A 25.4(12) 17.8(10) 10.5(9) 0.2(7) 1.3(8) -5.6(9) 
C13A 18.9(11) 18.8(10) 11.3(9) 1.0(7) -0.7(8) -7.5(8) 
C14A 21.9(12) 15.6(9) 9.8(9) -0.1(7) -1.2(8) -9.0(8) 
C15A 18.2(11) 20.3(10) 16.2(10) -1.0(8) 1.4(8) -8.0(9) 
C16A 22.8(12) 23.0(11) 19.4(10) -3.5(8) 4.6(9) -14.1(9) 
C17A 15.2(11) 18.2(10) 14.3(9) 1.1(7) -1.1(8) -8.0(8) 
C18A 12.7(10) 18.9(10) 15.3(9) 2.1(8) -2.2(8) -6.5(8) 
C19A 18.3(12) 22.0(11) 19.3(10) 4.4(8) -3.1(9) -7.3(9) 
C20A 20.4(12) 20.7(10) 20.9(10) 5.3(8) -4.1(9) -10.6(9) 
C1B 18.2(11) 17.1(10) 20.4(10) 2.9(8) 0.7(8) -6.9(8) 
C2B 17.7(11) 20.1(10) 21.2(10) 0.6(8) -1.7(9) -8.5(9) 
C3B 14.3(11) 18.9(10) 15.7(9) 2.0(8) -1.4(8) -6.8(8) 
C4B 13.9(11) 18.8(10) 18.3(10) 3.2(8) -2.5(8) -7.4(8) 
C5B 13.6(10) 15.4(9) 15.9(9) 3.2(7) -7.2(8) -6.6(8) 
C6B 10.5(10) 20.5(10) 15.3(9) 2.4(8) -3.8(8) -7.1(8) 
C7B 10.4(10) 16.8(10) 19.4(10) 0.2(8) -4.9(8) -3.8(8) 
C8B 12.6(11) 16.1(9) 20.3(10) 4.0(8) -7.5(8) -8.0(8) 
C9B 12.0(11) 18.5(10) 19.2(10) 3.7(8) -1.2(8) -6.0(8) 
C10B 12.6(11) 18.1(10) 17.6(10) 1.9(8) -1.9(8) -4.4(8) 
C11B 11(1) 16.6(9) 21.1(10) 0.1(8) -2.3(8) -8.1(8) 
C12B 13.2(11) 19.3(10) 28.6(11) 6.8(9) -8.0(9) -6.5(8) 
C13B 17.6(12) 18.6(10) 25.9(11) 7.7(8) -5.3(9) -7.7(9) 
C14B 10.5(10) 16.6(9) 15.4(9) -1.6(7) 0.4(8) -7.0(8) 
C15B 16.0(12) 24.1(11) 25.9(11) 8.3(9) -9.2(9) -9.9(9) 
C16B 18.9(12) 23.7(11) 26.1(11) 11.7(9) -8.2(9) -12.7(9) 
C17B 14.2(11) 17.6(10) 16.0(9) 0.2(8) -1.0(8) -6.8(8) 
C18B 15.0(11) 18.8(10) 13.9(9) 1.0(7) -0.1(8) -8.6(8) 
C19B 17.2(11) 22.7(10) 17.5(10) -0.8(8) -0.1(8) -11.5(9) 
C20B 13.1(11) 20.6(10) 16.6(9) 3.1(8) -2.1(8) -8.0(8) 
C1C 11.7(11) 18.5(10) 21(1) 1.7(8) -1.9(8) -7.7(8) 
C2C 14.8(11) 23.8(11) 21.5(10) -3.7(8) 1.2(9) -7.3(9) 
C3C 14.5(11) 19.2(10) 15.2(9) -0.8(8) -1.8(8) -6.3(8) 
C4C 13.6(11) 21(1) 16.6(10) 0.0(8) -1.5(8) -7.7(8) 
C5C 13.8(11) 19.8(10) 14.0(9) -0.2(7) -1.4(8) -7.9(8) 
C6C 14.4(11) 24.2(11) 24.2(11) 8.6(9) -3.6(9) -9.6(9) 
C7C 13.6(11) 25.4(11) 22(1) 8.4(9) -5.4(9) -7.6(9) 
C8C 12.4(10) 22.5(10) 11.9(9) -1.1(7) -0.3(8) -9.6(8) 
C9C 20.4(12) 19.6(10) 25.3(11) 6.9(8) -9.3(9) -9.9(9) 
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C10C 17.2(12) 21.8(11) 28.0(11) 6.7(9) -11.2(9) -9.3(9) 
C11C 10.4(10) 24.2(10) 12.2(9) 4.6(8) -1.9(8) -9.1(8) 
C12C 14.3(11) 21.2(10) 13.5(9) -1.6(8) -1.7(8) -7.9(8) 
C13C 13.7(11) 19.1(10) 15.0(9) 1.4(8) -3.0(8) -8.7(8) 
C14C 10(1) 19.3(10) 11.0(9) 3.1(7) -2.2(7) -4.3(8) 
C15C 22.8(12) 19.8(10) 12.3(9) -0.6(8) 1.1(8) -8.6(9) 
C16C 24.9(12) 18.9(10) 16.3(10) 2.1(8) -3.0(9) -9.9(9) 
C17C 13.3(11) 21.9(10) 14.1(9) 1.5(8) -2.9(8) -5.8(8) 
C18C 14.3(11) 23.9(10) 12.8(9) 0.3(8) -2.7(8) -6.5(8) 
C19C 16.5(12) 31.3(12) 16.7(10) 0.7(9) -0.3(8) -5.8(9) 
C20C 21.2(12) 29.7(12) 15(1) 3.1(8) 2.1(8) -10.5(10) 
N025 41.4(15) 30.3(12) 34.7(12) -0.6(9) 1.7(11) -11(1) 
C1 26.9(19) 260(8) 40(2) 9(3) -3.4(16) -5(3) 
C030 24.9(14) 45.8(16) 32.9(14) -5.3(12) 7.3(12) -12.5(12) 
F2 24(5) 49(6) 94(10) -30(7) -6(6) -2(4) 
F3 98(8) 30(4) 95(9) 6(5) -29(6) -19(4) 
F15 25(5) 60(12) 70(8) -11(6) -28(5) 7(6) 
F2AA 31(5) 166(14) 26(5) -7(7) -10(4) -37(7) 
F02H 65(2) 42(2) 88(3) -3.4(19) -29(2) -29.2(19) 
F00K 32(4) 66(5) 27(2) 0(2) -7.7(18) -21(3) 
F01T 55.7(17) 89(2) 31.0(12) 13.9(13) -15.7(11) -21.5(15) 
F00X 41.9(16) 34.6(12) 41.2(14) 1.1(11) 3.9(11) 1.9(10) 
B037 22.8(16) 47.8(18) 30.9(15) 3.3(13) -7.0(12) -9.7(14) 
F1 36(3) 47(3) 59(3) 37(2) -5(3) -18(2) 
F011 31(2) 54(3) 34(2) 6.3(17) -11.6(17) -21.7(18) 
F034 60(3) 36.7(19) 48(2) -16.5(16) -7.6(19) -5.4(18) 
F035 62(3) 44(2) 19.7(15) -2.8(14) 2.8(16) 4.0(19) 
F01A 34(2) 30(2) 34(2) 15.3(16) -7.2(19) -10.6(17) 
F0AA 34(4) 54(4) 31(3) 12(3) -14(3) -30(3) 
F00B 26.6(8) 34.3(8) 30.1(7) 4.2(6) -3.4(6) -11.1(6) 
B036 49(2) 24.8(14) 23.3(14) 8.3(11) 8.4(13) 1.3(13) 
N031 25.3(15) 30.3(14) 138(3) 6.3(16) 2.1(17) -3.4(11) 
C032 32.4(16) 30.6(13) 46.0(16) 4.6(12) -4.2(12) -5.9(11) 
C02Z 20.0(14) 26.7(13) 54.7(17) 7.7(12) 2.6(12) 0.1(11) 
N02T 37.0(15) 66.1(19) 56.8(17) -30.2(15) 5.5(13) -16.2(14) 
C02S 26.5(14) 42.9(15) 24.0(12) -2.2(11) -0.6(10) -18.0(12) 
C02X 35.0(16) 31.9(13) 37.0(14) -0.8(11) 1.1(12) -11.6(12) 
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N02O 47.7(16) 41.1(13) 33.8(13) 3.3(11) -4.4(11) -7.9(12) 
C02U 31.1(15) 31.1(13) 28.9(13) -3.1(11) -3.5(11) -8.8(11) 
C02Y 36.8(16) 34.9(14) 28.6(13) 0.6(10) -7.6(11) -13.0(12) 
F00G 25.3(9) 44.5(9) 47.6(10) 26.8(8) 5.3(7) -2.3(7) 
F00H 46.2(11) 69.9(12) 31.0(8) -6.9(8) 11.3(7) -39.7(9) 
F00T 35.3(11) 123.4(19) 39.8(10) 37.1(11) -15.0(8) -23.0(12) 
F00Y 91.9(18) 43.7(11) 60.9(13) -18.8(9) 32.2(12) -24.0(11) 
B033 19.2(14) 30.6(14) 20.5(12) 2.4(10) 1.4(10) -5.5(11) 
F009 31.3(8) 20.7(7) 37.4(8) -0.3(6) -7.3(6) -8.3(6) 
F1AA 20.6(7) 31.6(8) 43.2(8) -14.0(6) -5.4(6) -11.3(6) 
F00E 24.0(9) 51.3(10) 54.6(10) -15.6(8) 11.6(7) -19.0(8) 
F00F 53.8(11) 42.8(9) 28.3(8) 7.3(7) -15.8(7) -0.3(8) 
B02V 18.3(13) 21.2(12) 20.1(11) -2.5(9) -3.8(10) -7.3(10) 
O1 43(3) 45(2) 34(2) 4.4(17) -2.3(18) -23(2) 
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Table 2.S9 Bond Lengths for 1 at 100 K. 
Atom Atom Length/Å   Atom Atom Length/Å 
Fe01 N3A 2.0190(18)   C15A C16A 1.387(3) 
Fe01 N4A 1.9664(19)   C17A C18A 1.443(3) 
Fe01 N3B 2.004(2)   C18A C19A 1.360(3) 
Fe01 N4B 1.9648(18)   C2B C3B 1.359(3) 
Fe01 N3C 2.0058(18)   C3B C4B 1.446(3) 
Fe01 N4C 1.965(2)   C5B C6B 1.393(3) 
Fe02 N1A 1.9646(18)   C5B C10B 1.389(3) 
Fe02 N2A 1.982(2)   C6B C7B 1.403(3) 
Fe02 N1B 1.9656(19)   C7B C8B 1.378(3) 
Fe02 N2B 2.0023(18)   C8B C9B 1.393(3) 
Fe02 N1C 1.965(2)   C9B C10B 1.385(3) 
Fe02 N2C 2.0074(18)   C11B C12B 1.387(3) 
S1A C1A 1.715(2)   C11B C16B 1.387(3) 
S1A C2A 1.703(2)   C12B C13B 1.388(3) 
S2A C19A 1.707(2)   C13B C14B 1.386(3) 
S2A C20A 1.713(2)   C14B C15B 1.382(3) 
S1B C1B 1.706(2)   C15B C16B 1.381(3) 
S1B C2B 1.709(2)   C17B C18B 1.442(3) 
S2B C19B 1.705(2)   C18B C19B 1.357(3) 
S2B C20B 1.710(2)   C2C C3C 1.364(3) 
S1C C1C 1.705(2)   C3C C4C 1.443(3) 
S1C C2C 1.703(2)   C5C C6C 1.390(3) 
S2C C19C 1.709(2)   C5C C10C 1.391(3) 
S2C C20C 1.708(3)   C6C C7C 1.386(3) 
O1A C8A 1.390(3)   C7C C8C 1.386(3) 
O1A C11A 1.401(3)   C8C C9C 1.384(3) 
O1B C8B 1.395(2)   C9C C10C 1.386(3) 
O1B C11B 1.397(3)   C11C C12C 1.385(3) 
O1C C8C 1.398(3)   C11C C16C 1.384(3) 
O1C C11C 1.402(2)   C12C C13C 1.391(3) 
N1A C1A 1.308(3)   C13C C14C 1.391(3) 
N1A C3A 1.394(3)   C14C C15C 1.393(3) 
N2A C4A 1.293(3)   C15C C16C 1.391(3) 
N2A C5A 1.443(3)   C17C C18C 1.444(3) 
N3A C14A 1.442(3)   C18C C19C 1.359(3) 
Chapter Two 
86 
 
N3A C17A 1.294(3)   N025 C030 1.125(4) 
N4A C18A 1.389(3)   C1 C030 1.442(5) 
N4A C20A 1.310(3)   F2 B037 1.241(11) 
N1B C1B 1.318(3)   F3 B037 1.560(11) 
N1B C3B 1.389(3)   F15 B037 1.41(3) 
N2B C4B 1.291(3)   F2AA B037 1.449(10) 
N2B C5B 1.440(3)   F02H B037 1.310(5) 
N3B C14B 1.446(3)   F00K B037 1.349(12) 
N3B C17B 1.284(3)   F01T B037 1.397(4) 
N4B C18B 1.397(3)   F00X B037 1.423(4) 
N4B C20B 1.306(3)   F1 B036 1.326(6) 
N1C C1C 1.308(3)   F011 B036 1.507(6) 
N1C C3C 1.388(3)   F034 B036 1.450(5) 
N2C C4C 1.289(3)   F035 B036 1.429(5) 
N2C C5C 1.438(3)   F01A B036 1.466(6) 
N3C C14C 1.442(3)   F0AA B036 1.196(8) 
N3C C17C 1.294(3)   F00B B036 1.383(3) 
N4C C18C 1.392(3)   N031 C02Z 1.130(4) 
N4C C20C 1.313(3)   C032 C02Z 1.449(4) 
C2A C3A 1.361(3)   N02T C02S 1.132(4) 
C3A C4A 1.439(3)   C02S C02X 1.444(4) 
C5A C6A 1.389(3)   N02O C02U 1.138(4) 
C5A C10A 1.384(3)   C02U C02Y 1.454(4) 
C6A C7A 1.390(3)   F00G B033 1.389(3) 
C7A C8A 1.390(3)   F00H B033 1.389(3) 
C8A C9A 1.386(3)   F00T B033 1.377(3) 
C9A C10A 1.392(3)   F00Y B033 1.376(3) 
C11A C12A 1.375(3)   F009 B02V 1.392(3) 
C11A C16A 1.387(3)   F1AA B02V 1.394(3) 
C12A C13A 1.397(3)   F00E B02V 1.385(3) 
C13A C14A 1.395(3)   F00F B02V 1.380(3) 
C14A C15A 1.389(3)         
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Table 2.S10 Bond Angles for 1 at 100K. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N4A Fe01 N3A 80.92(7)   N4A C20A S2A 113.94(17) 
N4A Fe01 N3B 89.93(8)   N1B C1B S1B 114.12(16) 
N4A Fe01 N3C 171.62(7)   C3B C2B S1B 109.86(16) 
N3B Fe01 N3A 91.19(7)   N1B C3B C4B 113.61(18) 
N3B Fe01 N3C 98.30(8)   C2B C3B N1B 114.81(19) 
N4B Fe01 N3A 169.09(7)   C2B C3B C4B 131.54(19) 
N4B Fe01 N4A 91.08(7)   N2B C4B C3B 115.73(18) 
N4B Fe01 N3B 81.33(8)   C6B C5B N2B 121.5(2) 
N4B Fe01 N3C 91.71(7)   C10B C5B N2B 117.99(19) 
N4B Fe01 N4C 94.05(8)   C10B C5B C6B 120.53(19) 
N3C Fe01 N3A 97.25(7)   C5B C6B C7B 119.7(2) 
N4C Fe01 N3A 93.46(8)   C8B C7B C6B 119.0(2) 
N4C Fe01 N4A 90.73(8)   C7B C8B O1B 119.33(19) 
N4C Fe01 N3B 175.35(7)   C7B C8B C9B 121.39(19) 
N4C Fe01 N3C 81.20(8)   C9B C8B O1B 119.3(2) 
N1A Fe02 N2A 81.09(8)   C10B C9B C8B 119.5(2) 
N1A Fe02 N1B 91.08(7)   C9B C10B C5B 119.8(2) 
N1A Fe02 N2B 171.21(7)   C12B C11B O1B 117.66(18) 
N1A Fe02 N1C 93.51(8)   C16B C11B O1B 121.61(19) 
N1A Fe02 N2C 91.07(7)   C16B C11B C12B 120.7(2) 
N2A Fe02 N2B 96.14(8)   C11B C12B C13B 119.1(2) 
N2A Fe02 N2C 96.77(8)   C14B C13B C12B 120.4(2) 
N1B Fe02 N2A 89.84(8)   C13B C14B N3B 121.66(19) 
N1B Fe02 N2B 80.54(7)   C15B C14B N3B 118.43(18) 
N1B Fe02 N2C 173.29(7)   C15B C14B C13B 119.9(2) 
N2B Fe02 N2C 97.56(7)   C16B C15B C14B 120.4(2) 
N1C Fe02 N2A 174.08(7)   C15B C16B C11B 119.6(2) 
N1C Fe02 N1B 92.72(8)   N3B C17B C18B 115.97(19) 
N1C Fe02 N2B 89.55(8)   N4B C18B C17B 114.49(18) 
N1C Fe02 N2C 80.81(8)   C19B C18B N4B 114.6(2) 
C2A S1A C1A 90.52(11)   C19B C18B C17B 130.7(2) 
C19A S2A C20A 90.58(11)   C18B C19B S2B 110.16(17) 
C1B S1B C2B 90.50(11)   N4B C20B S2B 114.52(16) 
C19B S2B C20B 90.22(11)   N1C C1C S1C 113.78(16) 
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C2C S1C C1C 90.79(11)   C3C C2C S1C 109.69(16) 
C20C S2C C19C 90.37(12)   N1C C3C C4C 114.29(19) 
C8A O1A C11A 115.45(16)   C2C C3C N1C 114.36(19) 
C8B O1B C11B 116.07(16)   C2C C3C C4C 131.3(2) 
C8C O1C C11C 115.50(15)   N2C C4C C3C 115.70(19) 
C1A N1A Fe02 135.65(16)   C6C C5C N2C 119.80(19) 
C1A N1A C3A 110.89(18)   C6C C5C C10C 119.6(2) 
C3A N1A Fe02 113.36(14)   C10C C5C N2C 120.58(19) 
C4A N2A Fe02 115.90(15)   C7C C6C C5C 120.1(2) 
C4A N2A C5A 116.27(18)   C6C C7C C8C 119.8(2) 
C5A N2A Fe02 127.67(13)   C7C C8C O1C 118.43(19) 
C14A N3A Fe01 129.19(13)   C9C C8C O1C 120.94(19) 
C17A N3A Fe01 114.40(14)   C9C C8C C7C 120.5(2) 
C17A N3A C14A 115.75(18)   C8C C9C C10C 119.6(2) 
C18A N4A Fe01 113.71(14)   C9C C10C C5C 120.3(2) 
C20A N4A Fe01 135.34(15)   C12C C11C O1C 118.10(18) 
C20A N4A C18A 110.87(18)   C16C C11C O1C 120.48(19) 
C1B N1B Fe02 135.06(15)   C16C C11C C12C 121.3(2) 
C1B N1B C3B 110.70(18)   C11C C12C C13C 119.27(19) 
C3B N1B Fe02 114.24(14)   C12C C13C C14C 119.99(19) 
C4B N2B Fe02 115.78(14)   C13C C14C N3C 119.40(18) 
C4B N2B C5B 116.24(17)   C13C C14C C15C 120.09(19) 
C5B N2B Fe02 127.83(13)   C15C C14C N3C 120.51(18) 
C14B N3B Fe01 129.40(13)   C16C C15C C14C 119.94(19) 
C17B N3B Fe01 114.82(15)   C11C C16C C15C 119.3(2) 
C17B N3B C14B 115.73(18)   N3C C17C C18C 116.08(19) 
C18B N4B Fe01 112.52(14)   N4C C18C C17C 114.11(19) 
C20B N4B Fe01 136.93(15)   C19C C18C N4C 114.6(2) 
C20B N4B C18B 110.53(18)   C19C C18C C17C 131.1(2) 
C1C N1C Fe02 134.89(15)   C18C C19C S2C 109.99(17) 
C1C N1C C3C 111.37(18)   N4C C20C S2C 114.24(17) 
C3C N1C Fe02 113.68(15)   N025 C030 C1 178.5(4) 
C4C N2C Fe02 115.45(15)   F2 B037 F3 101.1(9) 
C4C N2C C5C 117.03(18)   F2 B037 F15 142.4(13) 
C5C N2C Fe02 127.44(14)   F2 B037 F2AA 112.0(8) 
C14C N3C Fe01 128.72(13)   F15 B037 F3 88.9(13) 
C17C N3C Fe01 114.73(14)   F15 B037 F2AA 104.0(11) 
C17C N3C C14C 116.55(17)   F2AA B037 F3 89.8(8) 
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C18C N4C Fe01 113.17(15)   F02H B037 F00K 120.3(6) 
C20C N4C Fe01 136.03(16)   F02H B037 F01T 109.9(3) 
C20C N4C C18C 110.78(19)   F02H B037 F00X 110.3(4) 
N1A C1A S1A 114.01(17)   F00K B037 F01T 106.3(5) 
C3A C2A S1A 109.93(17)   F00K B037 F00X 102.5(5) 
N1A C3A C4A 113.93(18)   F01T B037 F00X 106.5(3) 
C2A C3A N1A 114.7(2)   F1 B036 F011 105.3(4) 
C2A C3A C4A 131.4(2)   F1 B036 F034 110.5(4) 
N2A C4A C3A 115.6(2)   F1 B036 F00B 121.0(4) 
C6A C5A N2A 119.63(19)   F034 B036 F011 97.3(4) 
C10A C5A N2A 119.76(18)   F035 B036 F01A 103.4(3) 
C10A C5A C6A 120.6(2)   F0AA B036 F035 116.0(5) 
C5A C6A C7A 119.8(2)   F0AA B036 F01A 116.2(4) 
C8A C7A C6A 119.4(2)   F0AA B036 F00B 116.0(4) 
O1A C8A C7A 116.47(19)   F00B B036 F011 108.5(3) 
C9A C8A O1A 122.5(2)   F00B B036 F034 111.4(3) 
C9A C8A C7A 120.9(2)   F00B B036 F035 102.6(3) 
C8A C9A C10A 119.5(2)   F00B B036 F01A 100.5(3) 
C5A C10A C9A 119.81(19)   N031 C02Z C032 179.6(4) 
C12A C11A O1A 119.2(2)   N02T C02S C02X 179.7(4) 
C12A C11A C16A 121.7(2)   N02O C02U C02Y 179.5(3) 
C16A C11A O1A 119.1(2)   F00G B033 F00H 109.1(2) 
C11A C12A C13A 118.9(2)   F00T B033 F00G 107.8(2) 
C14A C13A C12A 119.9(2)   F00T B033 F00H 111.2(2) 
C13A C14A N3A 119.6(2)   F00Y B033 F00G 107.6(2) 
C15A C14A N3A 120.15(19)   F00Y B033 F00H 110.0(2) 
C15A C14A C13A 120.2(2)   F00Y B033 F00T 111.1(2) 
C16A C15A C14A 119.7(2)   F009 B02V F1AA 108.80(19) 
C11A C16A C15A 119.4(2)   F00E B02V F009 110.1(2) 
N3A C17A C18A 116.17(19)   F00E B02V F1AA 109.74(19) 
N4A C18A C17A 114.15(18)   F00F B02V F009 109.69(19) 
C19A C18A N4A 114.98(19)   F00F B02V F1AA 108.7(2) 
C19A C18A C17A 130.7(2)   F00F B02V F00E 109.8(2) 
C18A C19A S2A 109.63(17)           
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Table 2.S11 Hydrogen Atom Coordinates (Å×10
4
) and Isotropic Displacement Parameters (Å
2
×10
3
) 
for 1 at 100 K. 
Atom x y z U(eq) 
H1A 10521 8432 5073 22 
H2A 6781 9691 5380 26 
H4A 6719 8761 6516 21 
H6A 8050 8681 7831 23 
H7A 7208 8299 8760 25 
H9A 6420 6292 7881 22 
H10A 7266 6677 6954 22 
H12A 4273 6615 9069 22 
H13A 4072 5172 9185 19 
H15A 7651 4144 9097 21 
H16A 7842 5587 9034 25 
H17A 6790 3309 9832 18 
H19A 7024 1599 10365 23 
H20A 4922 967 9014 23 
H1B 9663 9745 6401 22 
H2B 11218 9048 8113 23 
H4B 11224 7223 7944 20 
H6B 11974 5410 6710 18 
H7B 11986 3953 6995 18 
H9B 9446 4985 8365 19 
H10B 9424 6429 8080 19 
H12B 10151 2352 8607 24 
H13B 8407 1925 8670 24 
H15B 7026 3776 7427 25 
H16B 8772 4188 7343 25 
H17B 7211 1564 7456 19 
H19B 5648 689 6979 22 
H20B 2745 2244 8168 19 
H1C 12490 8072 6255 20 
H2C 13333 5718 5115 24 
H4C 10947 5605 5344 20 
H6C 7939 7129 5394 24 
H7C 6306 6579 5372 24 
H9C 7985 4444 6346 25 
H10C 9619 4994 6368 25 
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H12C 5574 3662 6100 19 
H13C 4810 3204 7025 18 
H15C 4516 5607 7809 21 
H16C 5280 6064 6883 23 
H17C 2718 5074 8142 19 
H19C 1016 5058 9149 26 
H20C 3186 2534 9721 26 
H1D 69 859 10808 175 
H1E 374 -140 10574 175 
H1F 1141 472 10312 175 
H03A 14959 8714 7582 55 
H03B 14339 8853 8257 55 
H03C 13614 9279 7696 55 
H02A 5478 -1045 4385 52 
H02B 5452 -1691 4940 52 
H02C 4517 -1568 4441 52 
H02D 8766 7590 3158 49 
H02E 9871 7952 3212 49 
H02F 8650 8431 3582 49 
H1G 1267 2128 10475 58 
H1H 2426 2077 10251 58 
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Table 2.S12 Atomic Occupancy for 1 at 100 K. 
Atom Occupancy 
 
Atom Occupancy 
 
Atom Occupancy 
F2 0.2 
 
F3 0.3 
 
F15 0.3 
F2AA 0.2 
 
F02H 0.7 
 
F00K 0.7 
F01T 0.8 
 
F00X 0.8 
 
F1 0.5 
F011 0.6 
 
F034 0.5 
 
F035 0.5 
F01A 0.5 
 
F0AA 0.4 
 
O1 0.5 
H1G 0.5 
 
H1H 0.5 
   
Refinement model description  
Number of restraints - 0, number of constraints - unknown.  
Details: 
1. Fixed Uiso 
 At 1.2 times of: 
  All C(H) groups 
 At 1.5 times of: 
  All C(H,H,H) groups, All O(H,H) groups 
2. Others 
 Fixed Sof: F2(0.2) F3(0.3) F15(0.3) F2AA(0.2) F02H(0.7) F00K(0.7) F01T(0.8) 
 F00X(0.8) F1(0.5) F011(0.6) F034(0.5) F035(0.5) F01A(0.5) F0AA(0.4) O1(0.5) 
 H1G(0.5) H1H(0.5) 
3.a Free rotating group: 
 O1(H1G,H1H) 
3.b Aromatic/amide H refined with riding coordinates: 
 C1A(H1A), C2A(H2A), C4A(H4A), C6A(H6A), C7A(H7A), C9A(H9A), C10A(H10A), 
 C12A(H12A), C13A(H13A), C15A(H15A), C16A(H16A), C17A(H17A), C19A(H19A), 
 C20A(H20A), C1B(H1B), C2B(H2B), C4B(H4B), C6B(H6B), C7B(H7B), C9B(H9B), 
 C10B(H10B), C12B(H12B), C13B(H13B), C15B(H15B), C16B(H16B), C17B(H17B), 
 C19B(H19B), C20B(H20B), C1C(H1C), C2C(H2C), C4C(H4C), C6C(H6C), C7C(H7C), 
 C9C(H9C), C10C(H10C), C12C(H12C), C13C(H13C), C15C(H15C), C16C(H16C), 
 C17C(H17C), C19C(H19C), C20C(H20C) 
3.c Idealised Me refined as rotating group: 
 C1(H1D,H1E,H1F), C032(H03A,H03B,H03C), C02X(H02A,H02B,H02C), C02Y(H02D,H02E, 
 H02F) 
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Synopsis 
 
 
A large iron(II) tetrahedral cage displays temperature induced spin-crossover and LIESST 
effects. 
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3.1 Abstract 
A large discrete face-capped tetranuclear iron(II) cage, [Fe4L4](BF4)8·n(solvent), was synthesised 
via metal-ion directed self-assembly. The cage is formed from a rigid tritopic ligand that 
incorporates chelating imidazole-imine functional groups. The cage displays temperature induced 
spin-crossover and LIESST effects and is amongst the largest iron(II) tetrahedral cages with such 
properties reported. The synthesis, structure and magnetic properties of this new metallo-cage are 
presented. 
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3.2 Introduction 
Polynuclear Fe(II) coordination cages have received very considerable attention and 
have been demonstrated to display interesting host–guest chemistry1-7 due to the 
presence of their well-defined central cavities. The vast majority of these systems have 
been designed such that their Fe(II) centres are in the low-spin (LS) state at ambient 
temperatures; there are only a few examples of Fe(II) cages that show spin-crossover 
(SCO) or high-spin (HS) behaviour.
8-12.
 The successful construction of larger 
supramolecular Fe(II) cages, especially those containing spin-crossover Fe(II) centres, 
still remains a challenge. Clearly the design of the organic ligand is a key element for 
achieving such SCO molecular cage systems. 
In the present study, building on design principles demonstrated to be successful by 
Kruger,
11
 Nitschke
10
 and Gu;
8
 imidazole-imine sites were included in the organic ligand 
component since these groups show weaker ligand strength than the 2,2'-bipyridyl and 
pyridyl-imine sites commonly employed in tetrahedral cage syntheses. In addition, 
imidazole-imine groups have been well documented to be 'classical' coordination units 
for inducing SCO behaviour in Fe(II) complex systems,
13-18
 including the limited 
number of Fe(II) SCO tetrahedral cages already reported.
8,10,11
 
 
Figure 3.1 Schematic representation of rigid ligand L 
Here we report the synthesis of a new face-capped tetranuclear cage 1 of type 
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[Fe4L4](BF4)8, employing a large fully conjugated rigid tribranched framework ligand (L in 
Figure 3.1) aimed at inducing Fe(II) spin-crossover behaviour at each of its equivalent metal 
centres. 
3.3 Results and discussion 
The reaction of 1-methyl-2-imidazolecarboxaldehyde and 1,3,5-tris(4-aminophenyl)-benzene 
in methanol produced the desired C3-symmetric tris-bidentate ligand L in 75 % yield. 
1
H and 
13
C NMR spectra (Figures 3.S1 and 3.S2) and high resolution electrospray ionization 
(HR-ESI) mass spectrometry results were consistent with the proposed structure of L. In the 
HR-mass spectrum, the major peak is observed at m/z 628.2943 [L+H]
+
 (Figure 3.S3) and the 
appropriate isotope pattern for [L+H]
+ 
was observed (Figure 3.S4). 
The further reaction of L with iron(II) tetrafluoroborate in acetonitrile followed by the 
slow diffusion of diethyl ether into the reaction mixture produced prismatic crystals of 
[Fe4L4](BF4)8•16MeCN suitable for X-ray diffraction studies (Figure 3.2). The four 
homochiral facially coordinated octahedral metal centres are bridged by four of the 
ligands such that the ligands cover each face of a tetrahedron, and each tetrahedron has 
overall T-symmetry with C3-axes of symmetry passing through each metal centre and 
the centre of each ligand. There are three independent complexes in the asymmetric unit 
and the iron(II) centres within each tetrahedron are separated by between 14.5 and 15.1 
Å placing this amongst the largest spin-crossover cages yet synthesised. For 
comparison, the two other spin-crossover cages reported have iron-iron separations of 
11.85 and 14.16 Å.
10,11
 Unlike many related complexes, this coordination cage 
crystallises in a chiral space group (P3) such that the cage molecules spontaneously 
resolve within each crystal. In the crystal examined all the metal centres displayed 
Δ-stereochemistry. The cage encapsulates a volume of 183 Å3 19 and no significant 
residual electron density was located within the central cavity. The iron-nitrogen bond 
lengths are between 1.961(11) and 2.288(10) Å consistent with the magnetic results 
which suggest an intermediate spin at 100 K. Attempts to collect a crystal structure of 
the cage in its high-spin state (300 K) failed due to solvent loss from the crystals. In 
addition, scanning electron microscopy (SEM) photographs confirmed the nanocage 1 
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uniformly crystallised in a polyhedral shape (Figures 3.3a, b and c) and the crystals 
underwent rapid decay due to the loss of solvents (Figures 3.3b and c). 
 
 
Figure 3.2 Schematic representation of the X-ray structure of cage 1. Hydrogen atoms, anions and 
solvent molecules are not shown for clarity. 
Elemental analysis of the tetrahedral cage 1 suggested a metal:ligand ratio consistent with 
the crystal structure. Scanning electron microscopy-energy-dispersive spectroscopy 
(SEM-EDS) analysis of 1 was also carried out to support the above results. HR-ESI mass 
spectrometry results (Figure 3.S5-12) clearly revealed a series of peaks of various charges 
corresponding to {[Fe4L4](BF4)(8-n)}
n+
 (n = 1-8), which are consistent with the successive loss 
of [BF4]
-
 anions. 
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Figure 3.3 SEM images of crystals with polyhedral shape (a,b and c) and SEM-EDS spectrum of 
cage 1 (d). 
The UV-Vis spectrum of the coordination cage 1 in the solid state over the region 
2000–350 nm (Figure 4) reveals a relative low broad absorption band at 530 nm and an 
intense band at 410 nm. The former is attributed to a metal-to-ligand (MLCT) (d–π*) 
transition characteristic of an Fe(II) centre coordinated to a imidazole-imine based 
large aromatic ligand.
8,11
 The intense band at 410 nm is likely to arise from π–π* 
transitions.
8,11
 
FT-IR spectra and Raman spectra of L and 1 were recorded at room temperature 
(Figures 3.S13-14 and 3.S15-16). Both the ligand L and coordination cage 1 show 
absorptions in the region 1600-1500 cm
-1
, these signals are typical of stretching 
imidazole-imine (C=N) groups. In the FT-IR spectrum of cage 1 (Figure 3.S14), it 
shows the existence of BF4
-
 at 1047 cm
-1
. Raman spectra of L (Figure 3.S15) and 1 
(Figure 3.S16) are very similar and also confirmed the presence of C=N groups.  
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Figure 3.4 Solid state UV-Vis-NIR spectra (F(R) is the Kubelka-Munk transform) of L (red) 
and 1 (black). The inset shows the relatively low intensity transition in the region 450-680 nm. 
Magnetic measurements 
Magnetic susceptibility measurements reveal a gradual incomplete spin transition over 
the range 5 – 300 K (Figure 3.5). The spin-crossover phenomenon between the 
high-spin and low-spin states for solvated [Fe4L4](BF4)8·16CH3CN and non-solvated 
[Fe4L4](BF4)8 was followed by measurements of the molar magnetic susceptibility χm 
as a function of temperature (Figures 3.5a and b). 
The χmT value for [Fe4L4](BF4)8·16CH3CN is equal to 11.44 cm
3
 K mol
-1
 at 300 K 
and 7.85 cm
3
 K mol
-1
 at 50 K consistent with a gradual spin-crossover transition 
(Figure 3.5a). After annealing at 400 K, the non-solvated compound [Fe4L4](BF4)8 was 
obtained. The χmT value of the desolvated material is equal to 11.60 cm
3
 K mol
-1
 at 400 
K, suggesting iron(II) is in the high-spin state. On cooling, the χmT value gradually 
decreases (Figure. 3.5 b). The χmT value at 50 K is equal to 8.29 cm
3
 K mol
-1
, which 
shows that spin-crossover from the high-spin to the low-spin state is induced in about 
30% of the iron(II) ions. In addition, the Mössbauer spectra measured at 5 K support 
the existence of iron(II) both in the high-spin and low-spin state (Figure. 3.6). The χmT 
values are also in agreement with the area ratios of the Mössbauer absorption 
intensities of the high-spin and low-spin species.   
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Figure 3.5 χmT versus T plots for (a) solvated [Fe4L4](BF4)8·16CH3CN, the sample was measured in 
the temperature range between 5 and 300 K and (b) non-solvated [Fe4L4](BF4)8 compound, the 
magnetic susceptibilities of the sample annealed at 400 K in the SQUID cavity was measured in the 
temperature range between 5 and 400 K. χmT versus T; plots for the LIESST experiment were recorded 
in the warming mode after the sample was exposed to light illumination for 1 hour at 5 K. 
 
Figure 3.6 Mössbauer spectrum of non-solvated cage 1 at 5 K. The iron(II) high-spin is shown in blue, 
and low-spin in red. 
The Mössbauer spectrum measured at 5 K reveals two quadrupole-split doublets. 
The first doublet is wide (quadrupole-splitting Q.S. = 2.18 mm s
-1
 and isomer shift I.S. 
= 1.26 mm s
-1
) and the second narrow (Q.S. = 0.94 mm s
-1
 and I.S. = 0.21 mm s
-1
), 
representing the high-spin and low-spin states (Figure. 3.6), respectively. The χmT 
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values are also in agreement with the area ratios of the Mössbauer absorption 
intensities of the high-spin and low-spin species (67 : 33). This, combined with the 
results of the magnetic susceptibility studies suggests that the spin transition arises 
from only one of the four metal centres changing from high-spin to low-spin, while 
similar cage molecules showed a more complete transition, with three of the four 
centres switching spin states, potentially arising from changes in the metal-metal 
distances and coordinating ligands.
10,11
 
A green semiconductor laser (λ = 532 nm, 10 mW/cm2) was used as a light source to 
investigate the effects of illumination. The light was guided via an optical fibre into the 
SQUID. The sample was placed on the edge of the optical fibre. When the annealed 
samples were illuminated at 5 K, an increase in the susceptibility by illumination was 
observed (Figure 3.5b). The change in the χmT value persisted for several hours, even 
after the illumination was halted. This suggests that the transition from the low-spin 
state to the high-spin state can be induced by illumination, i.e. by Light-Induced 
Excited Spin-State Trapping (LIESST).
20
 The χmT value decreases with the increase in 
temperature and that the thermal relaxation to the ground state occurs. The LIESST 
effect in the non-solvated compound occurs with T(LIESST) of 55 K. 
 
3.4 Experimental 
Materials and synthesis 
All reagents and solvents were purchased from commercial sources. 
Physical measurements 
1
H NMR and 
13
C NMR spectra were recorded on a Bruker 300 MHz spectrometer. High 
resolution ESI-MS data were acquired using a Waters Xevo QToF mass spectrometer, 
operating in positive ion mode. FT-IR spectra were recorded on a Bruker Tensor 27 Fourier 
transform infrared spectrometer using diamond single bounce ATR sampling device. The 
UV-vis spectra were measured at ambient temperature using a Cary 5000 spectrophotometer 
equipped with a Labsphere Biconical Accessory. 
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SEM measurements 
The SEM experiments were carried out using SEM JEOL JSM 6510LV with an attached silicon 
drift EDS detector and operated in low-vac with a chamber pressure of 30 pa. Accelerating 
voltage was set to 25.0 KV and a spot size of 60. 
Raman measurements 
Raman spectra were recorded using a Bruker Raman Scope in combination with Senterra 
dispersive Raman Microscope. The 532 nm line of a laser (0.2 mW for L and 2 mW for cage 1) 
was used as the excitation source. 
Magnetic measurements 
Susceptibility data were collected using a Quantum Design SQUID magnetometer calibrated 
against a standard palladium sample. The data were collected between 5 and 400 K and the 
scan rate of the temperature was fixed at 2.0 K min−1. 
Mössbauer experiments were carried out using a Wissel MVT-1000 Mössbauer spectrometer 
with a 
57
Co/Rh source in a constant-acceleration transmission spectrometer (Topologic 
Systems) equipped with a closed-cycle helium refrigerator cryostat (Iwatani Co., Ltd.). All 
isomer shifts are given relative to -Fe at room temperature. Measurements at low 
temperature were performed  
Ligand synthesis 
1-Methyl-2-imidazolecarboxaldehyde (469 mg, 4.26 mmol) in methanol (20 mL) was added 
dropwise to a suspension of 1,3,5-tris(4-aminophenyl)-benzene (500 mg, 1.42 mmol) in 
methanol (50 mL). The mixture was heated at reflux for overnight leading to a clear yellow 
solution. The residue obtained after the removal of the solvent was recrystallised from an 
ethanol-acetonitrile mixture. The crystalline product was washed with acetonitrile (3 × 5 mL) 
to give L as a pale yellow powder (669 mg, 75%). 
1
H NMR (DMSO, 300 MHz) δ (ppm) 8.59 
(s, 3H, aromatic ring), 7.95 (d, 9H, aromatic ring), 7.44 (d, 9H, aromatic ring), 7.19 (s, 3H), 
4.09 (s, 9H, methyl); 
13
C NMR (DMSO, 75.5 MHz) δ (ppm) 151.21, 150.34,142.78, 141.04, 
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138.01, 129.80, 128.07, 126.61, 123.87, 121.62, 35.24 (-CH3); FT-IR ATR νmax /cm
-1
: 
3340(br), 1628(s), 1594(s), 1475(s), 873(s), 833(s), 752(s), 688(s), 541(m); ESI-HRMS 
(positive-ion detection, CH3OH/H2O): m/z = 628.2943 
Complex synthesis 
[Fe4L4](BF4)8•28H2O: Fe(BF4)2•6H2O (115 mg, 0.34 mmol) in acetonitrile (10 mL) was 
slowly added to a mixture of L (200 mg, 0.32 mmol) in acetonitrile (50 mL), there was a 
immediate colour change from yellow to dark red. The reaction mixture was heated at 70 °C 
with stirring for 4 h. Slow diffusion of diethyl ether into the mixture resulted in the formation 
of dark red polyhedral crystals that were air dried. Yield: 91%. Elemental analysis (%) calcd 
for C156H188B8F32Fe4N36O28: C47.64, H 4.82, N 12.82; found: C 47.51, H 4.77, N 12.88. 
Single crystals were taken from the same sample and used directly in the X-ray study. FTIR 
(cm
-1
): 3392(br), 1597m, 1488m, 1439s, 1292m, 1048s, 965m, 902m, 838m, 777m, 665m, 
521w; ESI-HRMS (positive-ion detection, CH3CN): m/z = 3341.9717 {[Fe4L4](BF4)7}
+
; 
1627.5011 {[Fe4L4](BF4)6}
2+
; 1055.9874 {[Fe4L4](BF4)5}
3+
; 770.5002 {[Fe4L4](BF4)4}
4+
; 
598.9991 {[Fe4L4](BF4)3}
5+
; 484.6590 {[Fe4L4](BF4)2}
6+
; 402.9929 {[Fe4L4](BF4)}
7+
; 
341.7446 {[Fe4L4]}
8+ 
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Crystallography
 
X-ray structural data were collected at beamline MX1 of the Australian Synchrotron 
employing silicon double crystal monochromated synchrotron radiation (0.7108Å) at 
100(2) K.
21,22
 Data integration and reduction were undertaken with XDS
23
 and 
subsequent computations were carried out using the WinGX-32 graphical user 
interface.
24
 The structure was solved by charge flipping using SUPERFLIP.
25
 
Empirical absorption corrections were applied to the data set using the program 
SADABS
26
 Data were refined and extended with SHELXL-2014.
27
 In general 
non-hydrogen atoms with occupancies greater than 0.5 were refined anisotropically. 
Carbon-bound hydrogen atoms were included in idealised positions and refined using a 
riding model. The crystals employed rapidly lost solvent after removal from the mother 
liquor. Rapid (<10 seconds) handling at dry ice temperatures prior to quenching in the 
cryostream was required to collect data. Despite these measures, the use of a 
synchrotron source and multiple collection attempts, no reflections at better than 0.9 Å 
resolution were observed. In addition, data collection at the beamline was restricted to 
a 360° rotation around a single axis resulting in less than ideal redundancy. Reflecting 
the less than ideal diffraction, there is substantial disorder in a number of the anions 
which required the use of bond length and angle restraints to facilitate realistic 
modelling. Further reflecting the solvent loss and poor diffraction properties, there is a 
significant amount of void volume in the lattice containing smeared electron density 
from disordered solvent and anions. This area of density could not be successfully 
modelled and the SQUEEZE
28
 function of PLATON
29
 was employed resulting in 
significantly improved residuals. Despite these limitations the quality of the data is 
more than suitable for establishing the connectivity of the system. The Flack parameter 
refined to 0.05(3).
30-33
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Table 3.1 Crystal data and structure refinement for Cage 1 
Empirical formula C188H180B8F32Fe4N52 
Formula weight 4085.71 
Temperature/K 100(2) 
Crystal system trigonal 
Space group P3(#143) 
a/Å 31.590(5), 
b/Å 31.590(5), 
c/Å 18.320(4) 
α/° 90 
β/° 90 
γ/° 120 
Volume/Å
3
 15833(6) 
Z 3 
ρcalcg/cm
3
 1.286 
μ/mm-1  0.359 (Synchrotron)  
F(000)  10720.0  
Radiation  Synchrotron (λ = 0.7108)  
2Θ range for data collection/°  1.906 to 43.93 
Index ranges  -33 ≤ h ≤ 33, -33 ≤ k ≤ 33, -19 ≤ l ≤ 19  
Reflections collected  139384  
Independent reflections  25723 [Rmerge= 0.0847]  
Data/restraints/parameters  23244/0/2204 
Goodness-of-fit on F
2
  1.077  
Final R indexes [all data]  R1 = 0.0961, wR2 = 0.2580 
Largest diff. peak/hole / e Å
-3
  1.767/-0.579  
 
3.5 Conclusions 
In summary, we describe the efficient synthesis of a new discrete tetranuclear SCO 
Fe(II) cage incorporating rigid tris-bidentate ligands with suitable ligand strength 
arising from the imidazole-imine functional units. The structure has been 
unambiguously characterised by X-ray crystallography, ESI mass spectrometry, 
UV-vis-NIR, FT-IR and Raman spectroscopy. SCO behaviour of the coordination cage 
1 has been investigated. Further studies on these and related other Fe(II) coordination 
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cages, including a high pressure solid state investigation, are ongoing and will be 
reported in due course. 
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3.7 Supporting Information 
 
 
Figure 3.S1: 
1
H-NMR spectrum of L (DMSO, RT, 300 MHz). 
 
Figure 3.S2: 
13
C-NMR spectrum of L (DMSO, RT, 75.5 MHz). 
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Figure 3.S3. High resolution ESI-Mass spectrum of [L+H]
+
 
 
Figure 3.S4. Isotope patterns of [L+H]
+
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Figure 3.S5 High resolution ESI-Mass spectrum of {[Fe4L4](BF4)7}
+ 
with its isotope patterns.  
 
Figure 3.S6 High resolution ESI-Mass spectrum of {[Fe4L4](BF4)6}
2+ 
with its isotope patterns. 
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Figure 3.S7 High resolution ESI-Mass spectrum of {[Fe4L4](BF4)5}
3+ 
with its isotope patterns. 
 
Figure 3.S8 High resolution ESI-Mass spectrum of {[Fe4L4](BF4)4}
4+ 
with its isotope patterns. 
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Figure 3.S9 High resolution ESI-Mass spectrum of {[Fe4L4](BF4)3}
5+ 
with its isotope patterns. 
 
Figure 3.S10 High resolution ESI-Mass spectrum of {[Fe4L4](BF4)2}
6+ 
with its isotope patterns. 
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Figure 3.S11 High resolution ESI-Mass spectrum of {[Fe4L4](BF4)}
7+ 
with its isotope patterns.
 
 
 
Figure 3.S12 High resolution ESI-Mass spectrum of [Fe4L4]
8+ 
with its isotope patterns. 
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Figure 3.S13 FT-IR spectrum of L 
 
Figure 3.S14 FT-IR spectrum of cage 1 
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Figure 3.S15 Raman Spectrum of L 
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Figure 3.S16 Raman Spectrum of cage 1 
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Figure 3.S17 Thermogravimetric analysis result for cage 1. 
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Synopsis 
 
 
A mononuclear iron(II) complex that displays a gradual two-step spin crossover (SCO) 
transition is reported. Variable temperature X-ray photoelectron spectroscopy shows the spin 
behaviour is completely reversible between HS, IP and LS.
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4.1 Abstract 
A mononuclear iron(II) complex that displays a gradual two-step spin crossover (SCO) 
transition is reported. The intermediate plateau (IP) occurs between HS
0.40
LS
0.60
 and 
HS
0.30
LS
0.70
 (HS = high spin; LS = low spin) ratios over the region of ca. 190 – 170 K. A 
phase change occurs at the IP, breaking the symmetry, resulting in six independent SCO sites 
compared to one at the 100% HS and LS plateau regions, respectively. Variable temperature 
X-ray photoelectron spectroscopy (VT-XPS) shows that the SCO behavior is completely 
reversible among the HS, IP and LS regions. The results both confirm and extend the related 
results for the above system described by Halcrow et al. in a recent report. 
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4.2 Introduction 
Spin-crossover (SCO) materials show significant promise for application in several emerging 
technologies, including molecular switches, sensors, displays, molecular electronics and 
spintronics.
1-4
 Although a large number of such materials have been developed, leading to a 
good understanding of the intramolecular properties (arising from choice of metal ion, donor 
atom, sterics, etc.)
1,2,5-11
 that affect spin-transitions in discrete complexes, the results of 
cooperative intramolecular effects (leading to hysteresis, sharp transitions, etc.)
1,2,5,12
 are still 
not readily predictable. This is particularly the case for supramolecular effects involving weak 
noncovalent interactions and/or the crystal packing.
13-18
 Extremely recently, Halcrow, et al.
19 
have reported the crystal structure and SCO properties of [FeL]·(BF4)2 (L = 
tris(2-(((E)-thiazol-4-ylmethylene)amino)ethyl)amine), which features a two-step spin 
transition together with a symmetry-breaking phase change. Illustrating the immense interest 
in the field, we had been simultaneously and independently investigating the same material. 
Our results are largely consistent with those of Halcrow, et al.
19
 This work present 
complementary results including the high-resolution crystal structure of the intermediate 
phase (190 K) that clarify the symmetry breaking nature of the phase transition, variable 
temperature magnetic susceptibility measurements with slow scan rates and variable 
temperature X-ray photoelectron spectroscopy (VT-XPS).  
4.3 Results and Discussion 
The [FeL](BF4)2 (Figure 4.1) complex was prepared in a similar manner to that 
reported by Halcrow, et al.
19 
and crystals were prepared by the slow diffusion of 
diethyl ether into an acetonitrile solution. The composition and purity of [FeL](BF4)2 
was established by elemental analysis, high-resolution electrospray ionization mass 
spectroscopy, solid state UV-vis, IR spectroscopy and powder X-ray diffraction (see 
supporting information).  
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Figure 4.1 (a) Oak Ridge thermal ellipsoid plot (50% probability ellipsoids) of [FeL](BF4)2 at 100 K 
(anions omitted for clarity). (b) Structural representation of the pairs of [FeL]
2+
 cations (Fe – Fe 
separation 7.38 Å). Regions of disorder omitted for clarity. 
Variable temperature magnetic susceptibility measurements of [FeL](BF4)2 revealed 
the presence of a complete non-hysteretic SCO transition with a two-step character 
(Figure 4.2). These results are consistent with those of Halcrow et al.
19
 The two-step 
character arises from a change in slope over the region of ca. 190 – 170 K 
representative of an intermediate plateau (IP) (however with declining rather than 
stable χMT values). At 190 K the χMT value of ca. 1.25 cm
3
mol
-1
K corresponds to a 
high spin (HS)/low spin (LS) ratio of ca. 40:60 of Fe(II) sites, which drops to an 
HS/LS ratio of ca. 30:70 by 170 K.  
 
 
Figure 4.2 Variable temperature magnetic susceptibility (χMT vs T) for [FeL](BF4)2 over the range 
400 – 50 – 400 K at a scan rate of 2 Kmin-1. Inset: first derivative of the SCO transition highlighting 
the two step character (1 and 2). 
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VT-XPS (Figure 4.3 and see supporting information) showed the expected changes 
arising from the spin state on the Fe 2p3/2 peak.
20,21
 On X-ray ionisation compounds of 
the 3d transition metals undergo a coupling between the ionised 2p shell and the 3d 
shell to form multiplets with an intensity dependant on the number of unpaired 
electrons in the 3d shell.
22
 Hence, the Fe 2p3/2 peak of the HS complex at 298 K splits 
into relatively intense multiplets (peaks B-D). On cooling to 190 K the combined 
normalised intensity of multiplets B-D decreases (inset in Figure 4.4), until a typical 
LS Fe(II) spectrum is observed at 100 K. The spin behaviour is completely reversible 
with the HS spectrum observed on warming to 298 K. 
 
 
Figure 4.3 VT- XPS of the Fe 2p region 
We also determined single crystal X-ray structures of the HS state (298 K), the 
intermediate phase (190 K) and the LS state (100 K) (Table 4.S1). While the HS and 
LS structures are consistent with Halcrow’s results, the previous report on the structure 
of the symmetry-broken intermediate phase (Z=6, compared to Z=1 at room and low 
temperature) determined at 175 K “has relatively low precision, reflecting the size of 
the model and significant cation and anion disorder, which was only partly 
resolvable.”19 With careful attention to obtaining a suitable crystal, we were able to 
obtain data of high quality and without substantial disorder.  
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Figure 4.4 Structural representation of the six crystallographically distinct [FeL]
2+
 moieties 
which associate into three interacting pairs. Relative spin states of the Fe(II) sites indicated (HS: 
red, LS: purple and mixed HS-LS: cyan. Anions and Regions of disorder have been omitted for 
clarity). 
Detailed analysis (average Fe-N bond lengths and relative Fe(II) octahedral 
distortion) reveals two HS (Fe(2) and Fe(3)), two LS (Fe(4), Fe(6)) and two mixed 
HS-LS Fe(II) sites (Fe(1) and Fe(5)) at 190 K (Figure 4.4). The spin state assignment 
for the complete HS and LS sites was clear on the basis of the average Fe-N bond 
lengths and relative octahedral distortion at these sites (Table 4.S1). On the basis of the 
complete HS and LS values above, respectively, the mixed HS-LS Fe(II) sites (i.e., of 
short-range crystallographic order) are of more LS character than HS. This assignment 
of short- and long-range ordered HS and LS states over the six distinct Fe(II) sites 
correlates well with the 40:60 HS:LS ratio observed magnetically at this temperature 
(Figure.4.2). We note that the detailed structural analysis reported on this phase by 
Halcrow et al. was conducted at 175 K, revealing three LS, one HS and two mixed 
HS-LS Fe(II) sites, representative of a 30:70 HS/LS ratio as per magnetic 
measurements. From this, it is interesting then to observe that one of the mixed HS + 
LS sites attains complete LS character over the duration of the ‘sloped’ IP temperature 
range (i.e., 190 -170 K).  
Spin State Patterning in an Iron(II) Tripodal Spin Crossover Complex 
123 
 
The [FeL]
2+
 cations at 190 K are arranged in three distinct dimers comprising two 
mixed spin state pairs (HS-LS) and one LS state pair (LS-LS) (Figure 4.4). These three 
unique pairs are distributed in distinct one-dimensional (1D) chains along the 
a-direction, as illustrated in Figure 4.5. Spin state/dimer confinement is also evident 
when viewed along the b-direction (Figure 4.5b). The origin for the molecular 
arrangement of Fe(II) spin states along the 1D chains is likely driven by lattice 
cooperativity, which arises from packing and short spin-centre separations. This 
produces molecular-level spin-state domain formation within the 1D chains, which is 
conferred to a 3D spin-state patterning. 
 
 
Figure 4.5 Packing diagram illustrating the distribution of the three distinct spin states in the 
lattice (HS: red, LS: purple and mixed HS-LS: cyan). Anions, hydrogens, and regions of disorder 
have been omitted for clarity) viewed along the (a) a-direction and (b) c-direction. 
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4.4 Experimental 
Materials 
All chemicals and solvents used were of commercial grade and used without further 
purification. 
Physical measurements 
1
H NMR and 
13
C NMR spectra were recorded on a Bruker 300 MHz spectrometer. High 
resolution ESI-MS data were acquired using a Waters Xevo QToF mass spectrometer, 
operating in positive ion mode. FT-IR measurements were undertaken on a Bruker Vertex 70 
with a diamond ATR stage. The solid state UV-vis spectra were measured in nujol at ambient 
temperature using a Agilent Cary 100 UV-Vis with WinUV software. Spectra were determined 
from 900-200 nm with a scan rate of 600 nm per minute.  
Magnetic measurements 
Data were collected on a Quantum Design Versalab Measurement System with a Vibrating 
Sample Magnetometer (VSM) attachment. Measurements were taken continuously under an 
applied field of 0.3 T over the temperature range 400 - 50 - 400 K, at a ramp rate of 2 K min
-1
. 
XPS Experimental 
X-ray photoelectron spectroscopy (XPS) was performed on an ESCALAB250Xi (Thermo 
Scientific, UK) using a monochromated Al K alpha line (energy 1486.68 eV) at 150W (13 kV x 
12 mA) with a spot size of 500 micrometre on the sample. Electron optics are arranged at 90 
degrees with respect to the surface plane. Survey scans were performed with a pass energy of 
100 eV with high-resolution scans performed at 20 eV. The complex was measured at room 
temperature, then 170 K, then allowed to warm to room temperature and remeasured to ensure 
the sample had not undergone X-ray damage. Data was processed using the Avantage software 
package (Thermo Scientific, UK). Peaks were calibrated using the C 1s peak at 284.8 eV and 
background corrected using the Shirley method.
31
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Ligand synthesis 
L Tris(2-aminoethyl)-amine (104 mg, 0.71 mmol) in 10 mL of ethanol was added to a 
solution of thiazole-4-carboxaldehyde (250 mg, 2.21 mmol)) in 10 mL of ethanol, leading to 
the formation of a clear yellow solution. The mixture was heated at reflux for 3 h, and then 
the resulting yellow solution was left at 70 °C with overnight stirring. The residue obtained 
after the removal of the solvent was dissolved in acetonitrile for recrystallization. The 
crystallized product was washed with cold acetonitrile (3 × 5 mL) to give a light yellow solid 
in 67% yield. 
1
H NMR (CDCl3, 300 MHz) δ (ppm) 8.79 (d, 3H), 8.39 (s, 3H), 7.72 (d, 3H), 
3.73 (t, 6H, -CH2-), 2.96 (t, 6H, -CH2-); 
13
C NMR (CDCl3, 75.5 MHz) δ (ppm) 155.63, 
154.63, 153.15, 119.73, 60.08 (-CH2-), 55.43 (-CH2-); UV/Vis (solid state in nujol): λmax 256 
nm; FT-IR (ATR νmax /cm
-1
): 3024(w), 2926(w), 2844(w), 2809(w), 1650(s), 1460(w), 
1427(m), 1408(w), 1342(w), 1294(w), 1240(w), 1149(w), 1071(w), 1021(w), 938(s), 883(s), 
858(s), 822(m), 755(w), 557(w), 491(w), 458(w), 413(w); ESI-HRMS (positive-ion detection, 
EtOH): m/z = 454.0942 [Na+L]
+
. 
Complex Synthesis 
[FeL](BF4)2 (1) Iron(II) tetrafluoroborate hexahydrate (41 mg, 0.12 mmol) in 10 mL of 
acetonitrile was slowly added to the suspension of L (50 mg, 0.12 mmol) in 10 mL of 
acetonitrile, there was an immediate colour changed from yellow to red. The reaction mixture 
was heated at 50 °C with stirring for 4 h and then cooled to room temperature and filtered. 
Slow diffusion of diethyl ether into the filtrate of the product resulted in the formation of dark 
orange crystals in 83% yield which was air dried. UV/Vis (solid state in nujol): λmax 256, 368, 
476 nm; FT-IR (ATR νmax /cm
-1
): 3104(w), 2860(w), 1633(m), 1438(m), 1329(w), 1285(w), 
1243(w), 1030(s), 965(s), 903(m), 877(m), 844(m), 772(m), 571(w), 521(m), 488(m); 
ESI-HRMS (positive-ion detection, CH3CN): m/z = 543.5168 [Fe+L]
2+
 and 574.0453 
[Fe+L+BF4
-
]
+
. Single crystals were taken from the same sample and used directly for the 
X-ray study. 
Crystallography 
Data at 100(2) K (LS) and 298(2) K (HS) were collected at beamline MX1 of the Australian 
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Synchrotron with Silicon Double Crystal monochromated radiation (0.7108 Å).
24,25 
Data for 
the mixed spin structure (190(2) K) were collected using an Oxford Gemini Ultra employing 
graphite monochromated Mo-Kα radiation generated from a sealed tube (0.71073 Å).26 Data 
integration and reduction were undertaken with either CrysAlisPro
26
 or XDS
26
 and XPREP.
28 
Structures were solved using SHELXT.
29
 Multi-scan empirical absorption corrections were 
applied using either CrysAlisPro
26 
or XDS.
27
 Data were refined and extended with 
SHELXL-2014
30
. In general, non-hydrogen atoms with occupancies greater than 0.5 were 
refined anisotropically. Carbon-bound hydrogen atoms were included in idealised positions 
and refined using a riding model. Crystallographic data has been summarised below and CIFs 
(1537175-1537177) have been deposited with the CCDC. In both the 100 K structure and the 
190 K struture there is a minor amount of disorder present. In the 100 K structure the 
S(1)-sulfur atom is modelled as disordered over two positions with occupancies of 0.75 and 
0.25. The two positions were modelled with identical thermal parameters. In the 190 K 
structure there is minor disorder in three of sulfur-containing heterocycles (those contianing 
S(5), S(11), S(17) ) rings and the B(11)-containing anion. In each case the disorder was 
modelled over two positions of occupancies 0.75 and 0.25. Each disordered component was 
modelled with identical thermal parameters. This minor disorder has resulted in lower than 
ideal average precision of C-C bonds accross the entire structure. 
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Table 4.1 Crystallographic data and refinement details for complex 1 at 100, 190 and 298 K. 
 100 K 190 K 298 K 
Empirical formula C18H21B2F8FeN7S3 C18H21B2F8FeN7S3 C18H21B2F8FeN7S3 
Formula weight 661.07 661.07 661.07 
Temperature/K 100(2) 190(2) 298(2) 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group P21/c (#14) P21(#4) P21/c (#14) 
a/Å 12.018(2) 15.3958(6), 12.392(3) 
b/Å 17.578(4), 17.8619(7), 17.872(4), 
c/Å 12.558(3) 29.6863(11) 12.651(3) Å, 
α/° 90 90 90 
β/° 103.46(3), 103.301(4), 102.41(3), 
γ/° 90 90 90 
Volume/Å
3
 2580.1(9) 7944.7(5) 2736.4(10) 
Z 4 12 4 
ρcalc /g cm
-3
 1.702 1.658 1.605 
μ/mm-1 0.910(Synchrotron) 0.886(MoKα) 0.858(Synchrotron) 
Radiation Synchrotron (λ = 0.7108) 0.71073(MoKα) 
Synchrotron (λ = 
0.7108) 
2ɵmax/° 54.21 50.25 52.74 
Index ranges 
-15 ≤ h ≤ 15, -22 ≤ k ≤ 22, 
-16 ≤ l ≤ 16 
-18 ≤ h ≤ 18, -21 ≤ k ≤ 
21, -34 ≤ l ≤ 35 
-15 ≤ h ≤ 15, -22 ≤ k ≤ 
22, -18 ≤ l ≤ 15 
Reflections 
collected 
38464 61984 35920 
Independent 
reflections 
5659(Rmerge 0.1136) 26327(Rmerge 0.0539) 5532(Rmerge 0.0497) 
Goodness-of-fit on 
F2 
1.051 1.017 1.095 
Final R indexes 
[I>=2σ (I)] 
R1 = 0.0598, wR2 = 
0.1547 
R1 = 0.0822, wR2 = 
0.2469 
R1 = 0.0798, wR2 = 
0.2441 
Largest diff. 
peak/hole / e Å-3 
1.672/-0.897 1.482/-1.126 1.554/-0.979 
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Table 4.2 Selected structural parameters and interactions for 1 at 298K, 190 K and 100K. 
Structural parameters 
 100 K 190 K 298 K 
Spin state LS 2HS:4LS HS 
Average Fe-N /Å 
(SD) 
1.977(6) 
2.008(24),2.131(41), 2.193(36), 
1.958(14), 2.019(48), 1.995(23) 
2.195(52) 
 54.27 59.6, 100.3, 115.6, 54.1, 68.0, 56.6 115.47  
 0.14 0.16, 0.24, 0.25, 0.13, 0.17, 0.14 0.25 
Fe-Fe dimer 
separations (Å) 
7.375 7.30, 7.41, 7.50 7.44  
4.5 Conclusions 
We have verified the findings of Halcrow et al.,
19
 which describe a new discrete 
mononuclear Fe(II) tripodal complex that displays a two-step SCO behaviour. At the 
intermediate phase, six independent spin sites are present resulting in 3D spin-state 
patterning. Although there are no particular structural features and/or interactions that 
obviously contribute to this distinctive phase transition and rare spin state patterning, we 
note that the overall strain involved in the hexadentate ligand type to accommodate the 
HS to LS transition may be a contributing factor.  
4.6 References 
(1) Spin-Crossover Materials: Properties and Applications; Ed. M. A. Halcrow, Wiley 2013. 
(2) Spin Crossover in Transition Metal Compounds I, II and III; P. Gütlich, Eds. H. A. Goodwin, 
Springer 2004. 
(3) A. Bousseksou, G. Molnár, L.Salmon and W. Nicolazzi, Chem. Soc. Rev. 2011, 40, 3313-3335. 
(4) O. Kahn and C. J. Martinez, Science 1998, 279, 44-48. 
(5) N. Ortega-Villar, M. C. Muñoz and J. A. Real, Magnetochemistry 2016, 2, 16. 
(6) L. Li, N. Saigo, Y. Zhang, D. J. Fanna, N. D. Shepherd, J. K. Clegg, R. Zheng, S. Hayami, L. F 
.Lindoy, J. R. Aldrich-Wright, C.-G Li, J. K. Reynolds, D. G. Harman and F. Li, J. Mater. Chem. C. 
2015, 3, 7878-7882. 
(7) T. Matsumoto, G. N. Newton, T. Shiga, S. Hayami, Y. Matsui, H. Okamoto, R. Kumai, Y. Murakami 
and H. Oshio, Nat. Commun. 2014, 5, 3865. 
(8) M. B. Duriska, S. M. Neville, B. Moubaraki, J. D. Cashion, G. J. Halder, K. W. Chapman, C. Balde, 
J.-F. Létard, K. S. Murray, C. J. Kepert and S. R. Batten, Angew. Chem., Int. Ed. 2009, 48, 
2549-2552. 
(9) M. Nihei, T. Shiga, Y. Maeda and H. Oshio, Coord. Chem. Rev. 2007, 25, 12606-12621. 
(10) G. J. Halder, C. J. Kepert, B. Moubaraki, K. S. Murray and J. D. Cashion, Science (Washington, DC, 
U. S.) 2002, 298, 1762-1765. 
Spin State Patterning in an Iron(II) Tripodal Spin Crossover Complex 
129 
 
(11) P. Gütlich, Y. Garcia and H. A. Goodwin, Chem. Soc. Rev. 2000, 29, 419-427. 
(12) M. J. Murphy, K. A. Zenere, F. Ragon, P. D. Southon, C. J. Kepert and S. M. Neville, J. Am. Chem. 
Soc. 2017, 139, 1330-1335. 
(13) W. Phonsri, C. G. Davies, G. N. L. Jameson, B. Moubaraki, J. S. Ward, P. E. Kruger, G. Chastanet 
and K. S. Murray, Chem. Commun. 2017, 53, 1374-1377. 
(14) N. F. Sciortino, K. A. Zenere, M. E. Corrigan, G. J. Halder, G. Chastanet, J.-F. Létard, C. J. Kepert 
and S. M. Neville, Chem. Sci. 2017, 8, 701-707. 
(15) M. Griffin, S. Shakespeare, H. J. Shepherd, C. J. Harding, J.-F. Létard, C. Desplanches, A. E. 
Goeta, J. A. K. Howard, A. K. Powell, V. Mereacre, Y. Garcia, A. D. Naik, H. Müller-Bunz and G. 
G. Morgan, Angew. Chem., Int. Ed. 2011, 50, 896-900. 
(16) N. Bréfuel, E. Collet, H. Watanabe, M. Kojima, N. Matsumoto, L. Toupet, K. Tanaka and J.-P. 
Tuchagues, Chem. Eur. J. 2010, 16, 14060-14068. 
(17) N. Struch, N. Wagner, G. Schnakenburg, R. Weisbarth, S. Klos, J. Beck and A. Lützen, Dalton 
Trans. 2016, 45, 14023-14029. 
(18) A. Abedi, N. Safari, V. Amani and H. R. Khavasi, Dalton Trans. 2011, 40, 6877-6885. 
(19) R. Kulmaczewski, O. Cespedes and M. A. Halcrow, Inorg. Chem. 2017, 56, 3144-3148 
(20) S. Brooker, Chem. Soc. Rev. 2015, 44, 2880-2892. 
(21) K. Burger, H. Ebel and K. Madeja, J. Electron Spectrosc. Relat. Phenom. 1982, 28, 115-121. 
(22) S. Beniwal, X. Zhang, S. Mu, A. Naim, P. Rosa, G. Chastanet, J. F. Létard, J. Liu, G. E. Sterbinsky, 
D. A. Arena, P. A. Dowben and A. Enders, J. Phys.: Condens. Matte. 2016, 28, 206002. 
(23) A. Pronschinske, C. Bruce, G. R. Lewis, Y. Chen, A. Calzolari, M. Buongiorno-Nardelli, D. A.  
Shultz, W. You, D. B. Dougherty, Chem. Commun. 2013, 49, 10446-10452. 
(24)T. M. McPhillips, S. E. McPhillips, H. J. Chiu, A. E. Cohen, A. M. Deacon, P. J. Ellis, E. Garman, 
A. Gonzalez, N. K. Sauter, R. P. Phizackerley, S. M. Soltis and P.Kuhn, J. Synchrotron Rad. 
2002, 9, 401-406. 
(25) N. P. Cowieson, D. Aragao, M. Clift, D. J. Ericsson, C. Gee, S. J. Harrop, N. Mudie, S. Panjikar, 
J. R. Price, A. Riboldi-Tunnicliffe, R. Williamson, T. Caradoc-Davies, J. Synchrotron Rad. 2015, 
22, 187-190. 
(26) Technologies, A. CrysAlisPro Agilent Technologies Ltd: Yarton, Oxfordshire, UK, 2009-2015 
(27) W. Kabsch, J. Appl. Cryst.1993, 26, 795-800. 
(28) Bruker-Nonius APEX v2.1, SAINT v.7 and XPREP v.6.14 Bruker AXS Inc., Madison, Wisconsin, 
USA: Madison Wisconsin, USA, 2003 
(29) G. M. Sheldrick, Acta Cryst. 2015, A71, 3-8. 
(30) G. M. Sheldrick, Acta Cryst. 2015, C71, 3-8. 
(31) O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann, J. Appl. Cryst., 
2009, 42, 339-341. 
(32) D.A. Shirley, Physical Review B, 1972, 5, 4709-4714. 
 
Chapter Four 
130 
 
4.7 Supporting Information 
 
 
Figure 4.S1 
1
H-NMR spectrum of L (CDCl3, RT, 300 MHz). 
 
 
Figure 4.S2 
13
C-NMR spectrum of L (CDCl3, RT, 75.5 MHz). 
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Figure 4.S3. Solid state UV-vis absorption spectra of L(red) and 1 (Black) in nujol. 
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Figure 4.S4 ESI-HRMS spectrum of L. The inset shows the isotope pattern for {[Na+L]
+
. 
 
 
 
 
 
 
 
Figure 4.S5 ESI-HRMS spectrum of 1. The inset shows the isotope pattern for {[Fe+L]
2+
. 
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Figure 4.S6: FT-IR spectra of L. 
 
 
 
Figure 4.S7: FT-IR spectra of 1. 
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Figure 4.S8: PXRD patterns of complex 1 with the measured (black) at the bottom and the simulated 
(red) on top. 
Table 4.S1: Peak fitting results of Fe 2p region of XPS measurements. 
m = multiplet 
Temperature 
/K Name  Peak BE Assignment FWHM /eV 
Area (P) 
CPS.eV 
Area 
Normalised 
to Fe2p 3/2 
298 K Fe2p A 708.29 Fe2p 3/2 2.59 13156.9 1.00 
 
Fe2p B 710.57 m 2.59 5698.34 0.43 
 
Fe2p C 713.51 m 2.59 3758.94 0.29 
 
Fe2p D 715.5 m 2.59 2430.36 0.18 
 
Fe2p E 704.43 
 
2.59 1451.52 0.11 
190 K Fe2p A 708.37 Fe2p 3/2 2.66 9888.08 1.00 
 
Fe2p B 710.96 m 2.66 3257.44 0.33 
 
Fe2p C 713.73 m 2.66 2053.77 0.21 
 
Fe2p D 715.66 m 2.66 1351.85 0.14 
 
Fe2p E 704.65 m 2.66 1672.9 0.17 
100 K Fe2p A 708.18 Fe2p 3/2 2.22 6089.72 1.00 
 
Fe2p B 710.2 m 2.22 1353.28 0.22 
 
Fe2p C 712.44 m 2.22 562.7 0.09 
 
Fe2p D 715.01 m 2.22 281.22 0.05 
 
Fe2p E 704.83 m 2.22 959.75 0.16 
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Figure 4.S9: Stackplot of XPS spectra in the N 1s region showing the increase in binding energy of the 
N 1s photoelectron with decreasing temperature. 
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Synthesis and Characterization of Two 
Cu(I) Metalloligands Based on 
Tetradentate Tripodal Ligands 
 
Li, L., Craze, A. R., Fanna, D. J., Brock, A. J., Clegg, J. K., Lindoy, L. F., 
Aldrich-Wright, J. R., Reynolds, J, K. and Li, F.  
Polyhedron, (2017), 125, 44-49 
 
Synopsis 
Two new tetradentate tripodal ligands (L
1
 and L
2
) have been successfully prepared through 
Schiff base condensation of tris(2-aminoethyl)amine (tren) with 4-(4-formylphenyl)pyridine 
or 4-(3-pyridinyl)benzaldehyde in ethanol, respectively. Four Cu(I) complexes, [CuL
1
]PF6, 
[CuL
1
]I, [CuL
2
]PF6 and [CuL
2
]I (1-4), have been prepared and characterised by NMR, 
HR-MS, SEM-EDS, FT-IR, Raman and UV-Vis. X-ray structures for 1 and 4 are presented. 
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5.1 Abstract 
Two new tetradentate tripodal ligands (L
1
 and L
2
) have been synthesized via Schiff base 
condensation of tris(2-aminoethyl)amine (tren) with 4-(4-pyridinyl)benzaldehyde or 
4-(3-pyridinyl)benzaldehyde in ethanol. Four Cu(I) complexes [CuL
1
]PF6, [CuL
1
]I, 
[CuL
2
]PF6 and [CuL
2
]I (1-4) have been prepared and characterised by NMR, HR-MS, 
SEM-EDS, FT-IR, Raman and UV-Vis measurements. X-ray structures for 1 and 4 are 
presented. In both structures, the four-coordinate copper(I) centres are bound within the cavity 
defined by the tren backbone. In such Cu(I) complexes, steric considerations dictate that the 
three uncoordinated pyridine nitrogen donors will have their coordination vectors oriented in 
a mutually divergent manner suitable for coordination to three different metal centres and thus 
are preorganized to act as new tripodal metalloligands. 
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5.2 Introduction 
Recently, the design and synthesis of metalloligands for use as building blocks in 
supramolecular chemistry has been of increasing interest
1-3
 due to their usefulness for 
precisely controlling the construction of larger homo or hetero metallo-supramolecular 
entities. Despite considerable effort devoted to the development of different metalloligand 
types, their synthesis for use in producing new supramolecular architectures with designed 
properties remains a significant challenge.
4-10 
Mononuclear tripodal complexes incorporating 
uncoordinated secondary donor sites consisting of pyridine
4,9,11,12
 and imidazolate
4,8
 nitrogens 
are typical examples of metalloligands. In these, uncoordinated donor sites at the terminus of 
each arm of the tripodal complex are available for coordination to a second metal ion.  
Tris(2-aminoethyl)amine (tren), incorporating a classic tripodal backbone, is well 
documented to form complexes with a wide range of transition, post-transition and rare earth 
metal ions. Condensation of 4-formylimidazole with tren in a 3:1 ratio yields the 
corresponding “extended” tripodal ligand which, for example, forms 1:1 complexes with 
Fe(III) or Ln(III) ions, leaving the three imidazole NH groups available (following 
deprotonation) for coordination to additional metal centres.
4,8 
Such an outcome was recently 
demonstrated for this system by our group
4,8 
using both the Fe(III) and the Dy(III) 
metalloligands; we were successful in preparing discrete heterometallic Fe(III)/Cu(II) or 
Dy(III)/Cu(II) polyhedral nanocages. As above, both symmetrical and unsymmetrical 
metalloligands have been reported by employing metal ions with different coordination 
numbers and geometries.  
As an extension of our previous studies involving tripodal metalloligands incorporating 
Fe(III) and Dy(III), we now describe the design and preparation of two new Cu(I) 
metalloligands using the tetradentate ligands L
1
 and L
2
 (see below). A key feature of our 
design was to incorporate longer aromatic components that would give rise to larger void 
cavities as well as providing (potential) additional π-π interactions sites that could aid 
subsequent host-guest studies.  
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5.3 Results and Discussion 
The Schiff base C3-symmetric tetradentate ligands L
1
 and L
2
 were prepared in 73 and 76% 
yield, respectively from the reaction of tren with 4-(4-formylphenyl)pyridine or 
4-(3-pyridinyl)benzaldehyde employing slight modifications of reported procedures.
13-15
 
1
H 
and 
13
C NMR spectra (Figures 5.S1-4) and high resolution electrospray ionization (HR-ESI) 
mass spectrometry results were consistent with the proposed structures of L
1
 and L
2
, with the 
NMR spectra confirming the formation of highly symmetric (C3) species. In the HR-mass 
spectra (Figure 5.S5-6), major peaks for [L+H]
+
 were observed at m/z 642.3224 (for L
1
) and 
m/z 642.3390 (for L
2
), the appropriate isotope patterns for [L+H]
+ 
were evident (inserts in 
Figures 5.S5-6) with the isotopic distributions in excellent agreement with their simulated 
patterns. The Cu(I) metalloligands [CuL
1
]PF6 (1), [CuL
1
]I (2), [CuL
2
]PF6 (3) and[CuL
2
]I (4) 
were obtained as orange solids upon addition of the appropriate copper(I) salt to L
1
 or L
2
 in 
methanol with the yields ranging from 51 to 66%. 
1
H NMR spectra (Figure 5.S7-S10) of 
complexes 1-4 and 
13
C NMR for 1 and 4 (Figures 5.S11 and 5.S12) were successfully 
obtained. The proton signals for the aromatic ring and the -CH2- bridges between N donors in 
the tren backbone are significantly shifted relative to the respective free ligands. 
Single crystals of 1 and 4 were employed for X-ray crystallographic analyses. Complex 1 
crystallises in the monoclinic space group P21/c with one complex in the asymmetric unit. 
The Cu(I) centre adopts a distorted tetrahedral geometry with approximate C3-symmetry, 
coordinating to each of the four “tren” nitrogen atoms of the ligand (Figure 5.1). The 
coordination geometry resembles a trigonal bipyramidal arrangement with one of the axial 
ligands removed such that it approximates a “triangular-based pyramidal” geometry. The 
Cu-Nimine bond lengths are in the range of 2.001(4) – 2.009(5) Å and the Cu-Ntertiary is slightly 
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longer at 2.189(5) Å. The Nimine-Cu-Nimine angles are close to 120° (118.84(17) - 121.23(18) °) 
and the Nimine-Cu-Ntertiary angles are in the range 84.88(18) - 85.60(17)°. The phenylpyridine 
groups are involved in intramolecular edge-face - stacking between the three adjacent 
phenyl moieties and the adjacent three pyridyl groups indicated by CH-centroid distances of 
3.0 – 3.5 Å. 
 
             
Figure 5.1 Schematic representations of the X-ray crystal structure of [CuL
1
]PF6. The anion is not 
shown. 
Each complex interacts with two adjacent complexes through relatively weak  
intermolecular offset face-to-face -stacking between the phenylene and electron-poor 
pyridine groups (C-centroid separation, 3.6 Å) forming a one-dimensional chain that extends 
parallel to the crystallographic c-axis (Figure 5.2). These chains are arranged into undulating 
two-dimensional cationic layers in the bc-plane separated by hexafluorophosphate anions 
which are involved in weak hydrogen bonding (CH ··· F distances 2.39 - 2.59 Å) with both 
aromatic and imine hydrogen atoms acting as donors.  
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Figure 5.2 Schematic representation of part of the packing in the X-ray crystal structure of 1, 
illustrating the one-dimensional polymer formed via weak - stacking. Anions not shown.  
Complex 4 crystallises in the trigonal space group R3¯ with one third of the molecule in the 
asymmetric unit. The molecular and coordination geometry is almost identical to that of 1 
with the copper(I) centre again adopting a similarly distorted tetrahedral (“triangular-based 
pyramidal”) geometry (Figure 5.3). Again, adjacent cations undergo - stacking; however, 
each [CuL
2
]
+
 ion interacts with three others forming a honey-comb like (6,3) arrangement that 
forms infinite sheets in the crystallographic ab-plane. The iodide counter-ions are situated in 
the cavities between the lattice of cations (Figure 5.4), each surrounded by a nearly spherical 
array of twelve aromatic and imine hydrogen atoms (CH ··· I separations, 3.22 – 3.45 Å). In 
addition, the measured PXRD patterns for 1 (Figure 5.5) and 4 (Figure 5.6) are in good 
agreement with the corresponding PXRD patterns calculated from the single crystal data, 
suggesting that single phase materials have been prepared in both cases. 
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Figure 5.3 Schematic representations of the X-ray crystal structure of 4. The anion is not shown. 
Selected bonds and angles: Cu – Ntertiary 2.167(4) Å, Cu – Nimine 2.024(2) Å; Nimine – Cu – Nimine 
119.433(18) °, Nimine – Cu –Ntertiary 85.66(7) °. 
 
Figure 5.4 Schematic representation of part of the packing in the X-ray crystal structure of [CuL
2
]I, 
illustrating the two-dimensional polymer network formed by weak - stacking.  
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Figure 5.5 PXRD patterns of complex 1 with the measured (black) at the bottom and the simulated 
(red) on top. 
 
 
Figure 5.6 PXRD patterns of complex 4 with the measured (black) at the bottom and the simulated 
(red) on top. 
Scanning electron microscopy (SEM) photographs (Figures 5.S13-16) indicated that the 
complexes 1, 3 and 4 are formed as crystals whereas 2 is a powder, and that 3 undergoes rapid 
decay due to loss of solvent. Due to the latter, a single crystal structure of 3 was not able to be 
obtained, despite several attempts. In addition, scanning electron 
microscopy-energy-dispersive spectroscopy (SEM-EDS) analysis confirmed the presence of 
C, Cu, F and P in 1 (Figure 5.S13), C, Cu and I in 2 (Figure 5.S14), C, Cu, F and P in 3 
(Figure 5.S15) and C, Cu and I in 4 (Figure 5.S16). 
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Electrospray ionization high resolution mass spectrometry (ESI-HRMS) provided evidence 
that singly charged species of type [CuL
1
]
+
 and [CuL
2
]
+
 persist in solution (Figures 5.7 and 
5.8, 5.S17 and 5.S18). The expected isotope patterns for such charged species for the four 
complexes (1-4) were all found to be in excellent agreement with their simulated patterns 
(inserts in Figures 5.7 and 5.8, 5.S17 and 5.S18). 
 
 
Figure 5.7 ESI-HRMS spectrum of complex 1. The inset shows the isotope pattern for {[CuL
1
]
+
(top 
calculated; bottom found). 
 
Figure 5.8 ESI-HRMS spectrum of complex 4. The inset shows the isotope pattern for {[CuL
2
]
+ 
(top 
calculated; bottom found). 
The solid-state UV-vis spectra of L
1
, 1 and 2 are shown in Figure 5.S19, and those of L
2
, 3 
and 4 in Figure 5.S20. The spectra of the ligands in the UV region show intense broad 
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absorption bands at 279 nm for L
1
 and 284 nm for L
2, which are assigned to the π–π* 
transitions associated with the linked aromatic rings. These bands for the Cu(I) complexes 1-4 
exhibit red shifts and new broad bands at ~ 420 nm with are present, the latter are assigned to 
metal-to-ligand charge transfer transitions [16].  
FT-IR and Raman spectra for L
1
, L
2
 and 1-4 were recorded at room temperature (Figures 
5S21-24). The FT-IR spectra show absorptions in the region 1640-1590 cm
-1
 that are typical 
of imine (C=N) stretching modes. The FT-IR and Raman spectra of these compounds are very 
similar and also in accord with the presence of C=N groups. 
5.4 Experimental 
Materials 
All reagents and solvents were purchased from commercial sources and used without further 
purification.  
Physical measurements 
1
H NMR and 
13
C NMR spectra were recorded on a Bruker 300 MHz spectrometer. High 
resolution ESI-MS data were acquired using a Waters Xevo QToF mass spectrometer, 
operating in positive ion mode. FT-IR measurements were undertaken on a Bruker Vertex 70 
with a diamond ATR stage. Data collection was via OPUS 7.2 software without any data 
processing required. The solid state UV-vis spectra were measured in nujol at ambient 
temperature using a Agilent Cary 100 UV-Vis with WinUV software. Spectra were determined 
from 900-200 nm with a scan rate of 600 nm per minute.  
SEM measurements 
SEM-EDS analysis was conducted on a Joel 6510LV microscope with an attached AMPTEK 
SDD EDS detector. Samples were run at 15 kV in low vacuum without surface coating. 
Moran Scientific software was used to collect EDS scans with a 400 s scan collection time.  
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Raman Measurements  
Raman spectra were conducted using a Bruker RamanScope III Senterra with a 785 nm at 10 
mW laser source, and an integration time of 10 seconds with 10 co-additions. Data collection 
and processing was conducted using OPUS 7.5 software, spectra were normalised then 
baseline corrections were applied. 
Ligand synthesis 
The syntheses of L
1
 and L
2
 involved Schiff base condensation using an adaptation of 
literature procedures.
13-15
 
L
1
 Tris(2-aminoethyl)-amine (100 mg, 0.68 mmol) in 10 mL of ethanol was added to the 
solution of 4-(4-formylphenyl)pyridine (400 mg, 2.18 mmol)) in 20 mL of ethanol leading to 
a clear yellow solution. The mixture was heated to reflux for 3 hours and then the resulting 
yellow solution was left at 60 °C with overnight stirring. The residue obtained after the 
removal of the solvent was dissolved in acetonitrile for recrystallization. The crystallized 
product was washed with cold acetonitrile (3 × 5 mL) to give a yellow solid in 73% yield. 
1
H 
NMR (DMSO, 300 MHz) δ (ppm) 8.61 (d, 6H, aromatic ring), 8.27 (s, 3H, aromatic ring), 
7.70 (m, 18H, aromatic ring), 3.68 (s, 6H, -CH2-), 2.88 (s, 6H, -CH2-); 
13
C NMR (DMSO, 
75.5 MHz) δ (ppm) 160.59, 150.26, 146.14, 138.74, 136.80, 128.43, 126.95, 121.07, 59.30 
(-CH2-), 54.93 (-CH2-); UV/Vis (solid state in nujol): λmax 279 nm; FT-IR (ATR νmax /cm
-1
): 
2807(br), 1640(s), 1593(s), 1403(m), 1226(m), 809(s), 736(s); ESI-HRMS (positive-ion 
detection, CH3OH/H2O): m/z = 642.3224 [H+L
1
]
+
 , 664.3193 [Na+L
1
]
+
. 
L
2
 The same method as described for L
1
 with 4-(pyridine-3-yl)benzaldehyde rather than 
4-(4-formylphenyl)pyridine gave the product in 76% yield as a yellow solid. 
1
H NMR 
(DMSO, 300 MHz) δ (ppm) 8.90 (s, 3H, aromatic ring), 8.59 (d, 3H, aromatic ring), 8.24 (s, 
3H, aromatic ring), 8.05 (d, 3H, aromatic ring), 7.70 (q, 12H, aromatic ring), 7.46 (q, 3H, 
aromatic ring), 3.66 (s, 6H, -CH2-), 2.88 (d, 6H, -CH2-); 
13
C NMR (DMSO, 75.5 MHz) δ 
(ppm) 160.73, 148.88, 147.69, 138.86, 135.86, 134.84, 134.14, 128.49, 127.06, 123.94, 59.44 
(-CH2-), 55.09 (-CH2-); UV/Vis (solid state in nujol): λmax 283 nm; FT-IR (ATR νmax /cm
-1
): 
2939(br), 1643(s), 800(s), 706(s); ESI-HRMS (positive-ion detection, CH3OH/H2O): m/z = 
642.3390 [H+L
2
]
+
. 
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Complex synthesis 
[CuL
1
]PF6 (1) Tetrakis(acetonitrile)copper(I) hexafluorophosphate (60 mg, 0.16 mmol) in 10 
mL of methanol was slowly added to the solution of L
1
 (100 mg, 0.16 mmol) in 10 mL of 
methanol, there was an immediate colour change from yellow to dark yellow. The reaction 
mixture was heated at 50 °C with stirring for 5 h leading to an orange precipitate. The orange 
powder was collected by filtration and was dissolved in acetonitrile for crystallization. Slow 
diffusion of diethyl ether into the acetonitrile solution of the product resulted in the formation 
of orange crystals which were air dried; yield 62%. 
1
H NMR (DMSO, 300 MHz) δ (ppm) 
8.80 (s, 3H, aromatic ring), 8.27 (br s, 6H, aromatic ring), 8.08 (d, 6H, aromatic ring), 7.14 (t, 
12H, aromatic ring), 3.99 (s, 6H, -CH2-), 3.20 (s, 6H, -CH2-); 
13
C NMR (DMSO, 75.5 MHz) δ 
(ppm) 162.12, 150.11, 144.89, 139.62, 135.08, 129.08, 126.58, 120.65, 59.22 (-CH2-), 51.38 
(-CH2-); UV/Vis (solid state in nujol): λmax 288, 418 nm; FT-IR (ATR νmax /cm
-1
): 2923(br), 
1625m, 1591s, 1404m, 1061m, 833s, 807s; ESI-HRMS (positive-ion detection, CH3OH/H2O): 
m/z = 704.2217[Cu+L
1
]
+
. Single crystals were taken from the same sample and used directly 
for the X-ray study. 
[CuL
1
]I (2) Copper(I) iodide (30 mg, 0.16 mmol) in 10 mL of methanol was slowly added 
to the solution of L
1
 (100 mg, 0.16 mmol) in 10 mL of methanol; there was a colour change 
from pale to dark yellow. The reaction mixture was heated overnight at 50 °C with stirring, 
leading to a bright orange precipitate. The orange power was obtained by filtration then 
dissolved in methanol for crystallization. Slow diffusion of diethyl ether into the methanol 
solution resulted in the formation of very small crystals which were allowed to dry in air 
(51% yield). 
1
H NMR (DMSO, 300 MHz) δ (ppm) 8.79 (br s, 3H, aromatic ring), 8.28 (br s, 
6H, aromatic ring), 8.08 (br s, 6H, aromatic ring), 7.20 (br s, 12H, aromatic ring), 3.97 (s, 6H, 
-CH2-), 3.18 (s, 6H, -CH2-); UV/Vis (solid state in nujol): λmax 286, 425 nm; FT-IR (ATR νmax 
/cm
-1
): 2971(br), 1622m, 1593s, 1404m, 1058m, 809s; ESI-HRMS (positive-ion detection, 
CH3OH/H2O): m/z = 704.2556[Cu+L
1
]
+
. 
[CuL
2
]PF6 (3) The same method as described for 1 was employed with the exception that 
L
2 
was substituted for L
1
. An orange crystalline product was obtained in 59% yield.
 1
H NMR 
(DMSO, 300 MHz) δ (ppm) 8.78 (s, 3H, aromatic ring), 8.59 (s, 3H, aromatic ring), 8.47 (s, 
3H, aromatic ring), 8.11 (d, 6H, aromatic ring), 7.43 (d, 3H, aromatic ring), 7.08 (d, 9H, 
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aromatic ring), 3.97 (s, 6H, -CH2-), 3.20 (d, 6H, -CH2-); UV/Vis (solid state in nujol): λmax 
301, 419 nm; FT-IR (ATR νmax /cm
-1
): 2847(br), 1620s, 1603s, 829s, 804s, 710s; ESI-HRMS 
(positive-ion detection, CH3OH/H2O): 704.2552[Cu+L
2
]
+
. 
[CuL
2
]I (4) The same method as described for 2 was employed with the exception that L
2
 
was substituted for L
1
. Orange crystals were obtained and air dried (66% yield). 
 1
H NMR 
(DMSO, 300 MHz) δ (ppm) 8.76 (s, 3H, aromatic ring), 8.61 (s, 3H, aromatic ring), 8.48 (s, 
3H, aromatic ring), 8.12 (d, 6H, aromatic ring), 7.48 (br s, 3H, aromatic ring), 7.11 (br s, 9H, 
aromatic ring), 3.96 (s, 6H, -CH2-), 3.19 (s, 6H, -CH2-); 
13
C NMR (DMSO, 75.5 MHz) δ 
(ppm) 162.10, 149.15, 147.20, 139.88, 133.98, 133.79, 133.41, 129.08, 126.63, 123.61, 59.22 
(-CH2-), 51.68 (-CH2-); UV/Vis (solid state in nujol): λmax 299, 421 nm; FT-IR (ATR νmax 
/cm
-1
): 2854(br), 1620s, 1602s, 1473s, 800s, 706s; ESI-HRMS (positive-ion detection, 
CH3OH/H2O): 704.2567[Cu+L
2
]
+
. A Single crystal was taken from the same sample and used 
directly for the X-ray study. 
Powder X-ray Diffraction (PXRD) 
Powder X-Ray diffraction measurements were conducted on a Bruker D8 ADVANCE 
diffractometer with a PSD LynxEye detector. The X-ray source was Copper K-α1 at 1.54 Å at 
40 kV and a current of 40mA. Sample scan range was 5-60 degree 2θ with a step size of 0.02° 
at a rate of 9 s per step. Data processing was conducted through Bruker’s EVA software, with 
a baseline correction and background smoothing applied. 
Crystallography 
Data were with collected using either an Oxford Gemini Ultra diffractometer employing 
graphite monochromated Mo-K radiation generated from a sealed tube (0.71073 Å) with ω 
scans at 190(2) K 
17
, or at beamline MX1 of the Australian Synchrotron with Silicon Double 
Crystal monochromated radiation at 100(2) K 
18,19
. Data integration and reduction were 
undertaken with CrysAlisPro 
17
 or XDS 
20
. Subsequent computations were carried out using 
the WinGX-32 graphical user interface [21]. Absorption corrections were applied to the 
Oxford data using CrysAlisPro 
17,22
. The structures were solved using SHELXT 
23 
then refined 
and extended with SHELXL-2014 
24
. Non-hydrogen atoms were refined anisotropically. 
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Carbon-bound hydrogen atoms were included in idealised positions and refined using a riding 
model. The crystallographic data in CIF format has been deposited at the Cambridge 
Crystallographic Data Centre with CCDC 1489721-1489722. 
 
Table 5.1. Crystallographic data and refinement details for complexes 1 and 4 
 1; [CuL
1
]PF6 4; [CuL
2
]I  
Empirical formula C42H39CuF6N7P C42H39CuIN7  
Formula weight 850.31 832.24  
Temperature/K 190(2) 100(2)  
Crystal system monoclinic trigonal  
Space group P21/c (#14) R3 (#148)  
a/Å 13.6099(17) 12.4088(18)  
b/Å 24.491(3) 12.4088(18)  
c/Å 12.914(2) 39.676(8)  
α/° 90 90  
β/° 116.453(18) 90  
γ/° 90 120  
Volume/Å
3
 3853.8(11) Å
3
, 5290.8(19)  
Z 4 6  
ρcalc /g cm
-3
 1.466 1.567  
μ/mm-1 0.679(MoKa) 1.537(Synchrotron)  
Radiation MoKa (λ = 0. 0.71073) Synchrotron (λ = 0.7108)  
2ɵmax/° 61.10 63.75  
Index ranges 
-9 ≤ h ≤ 19, -33 ≤ k ≤ 11, -18 ≤ l 
≤ 11 
-18 ≤ h ≤ 18, -17 ≤ k ≤ 17, -58 ≤ l 
≤ 58 
 
Reflections collected 18933 31848  
Independent reflections 10345(Rmerge 0.0894) 3383(Rmerge 0.0639)  
Goodness-of-fit on F2 0.965 1.046  
Final R indexes [I>=2σ (I)] R1 = 0.0763, wR2 = 0.2315 R1 = 0.0406, wR2 = 0.1042  
Largest diff. peak/hole / e 
Å
-3
 
0.742/-0.482 0.853/-0.615  
 
5.5 Conclusions 
In summary, we report the efficient synthesis of two new tetradentate tripodal ligands 
(L
1
 and L
2
) and their Cu(I) complexes, 1-4, incorporating PF6
-
 or I
-
 counter ions and 
designed to act as metalloligands. The structures of both ligands and their Cu(I) 
complexes have been unambiguously characterised by NMR, X-ray crystallography, 
HR-ESI mass spectrometry, SEM-EDS, UV-Vis, FT-IR and Raman spectroscopy. 
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Further studies employing these metalloligands for the construction of heteronuclear 
coordination cages (and host-guest studies), are ongoing and will be reported in due 
course. 
5.6 References 
[1] L. Li, D.J. Fanna, N.D. Shepherd and L.F. Lindoy, F. Li, J. Incl. Phenom. Macro. Chem., 2015, 82, 
3-12. 
[2] H. Li, Z.-J. Yao, D. Liu and G.-X. Jin, Coord. Chem. Rev., 2015, 293–294, 139-157. 
[3] G. Kumar and R. Gupta, Chem. Soc. Rev., 2013, 42, 9403-9453. 
[4] L. Li, Y. Zhang, M. Avdeev, L.F. Lindoy, D.G. Harman, R. Zheng, Z. Cheng, J.R. Aldrich-Wright 
and F. Li, Dalton Trans., 2016, 45, 9407-9411. 
[5] K. Wu, K. Li, Y.-J. Hou, M. Pan, L.-Y. Zhang, L. Chen and C.-Y. Su, Nat Commun., 2016, 7 
10487. 
[6] M. Marmier, M.D. Wise, J.J. Holstein, P. Pattison, K. Schenk, E. Solari, R. Scopelliti and K. 
Severin, Inorg. Chem., 2016, 55, 4006-4015. 
[7] S. Sanz, H.M. O'Connor, E.M. Pineda, K.S. Pedersen, G.S. Nichol, O. Mønsted, H. Weihe, S. 
Piligkos, E.J.L. McInnes, P.J. Lusby and E.K. Brechin, Angew. Chem., Int. Ed., 2015, 54, 
6761-6764. 
[8] F. Reichel, J.K. Clegg, K. Gloe, K. Gloe, J.J. Weigand, J.K. Reynolds, C.-G. Li, J.R. 
Aldrich-Wright, C.J. Kepert, L.F. Lindoy, H.-C. Yao and F. Li, Inorg. Chem., 2014, 53, 688-690. 
[9] K. Li, L.-Y. Zhang, C. Yan, S.-C. Wei, M. Pan, L. Zhang and C.-Y. Su, J. Am. Chem. Soc., 2014, 
136, 4456-4459. 
[10] W.J. Ramsay, T.K. Ronson, J.K. Clegg and J.R. Nitschke, Angew. Chem., Int. Ed., 2013, 52, 
13439-13443. 
[11] M.B. Duriska, S.M. Neville, J. Lu, S.S. Iremonger, J.F. Boas, C.J. Kepert and S.R. Batten, Angew. 
Chem., Int. Ed., 2009, 48, 8919-8922. 
[12] M.B. Duriska, S.M. Neville, B. Moubaraki, J.D. Cashion, G.J. Halder, K.W. Chapman, C. Balde, 
J.-F. Letard, K.S. Murray, C.J. Kepert and S.R. Batten, Angew. Chem., Int. Ed., 2009, 48, 
2549-2552. 
[13] M. Wenzel, K. Wichmann, K. Gloe, K. Gloe, H.-J. Buschmann, K. Otho, M. Schroder, A.J. Blake, 
C. Wilson, A.M. Mills, L.F. Lindoy and P.G. Plieger, CrystEngComm, 2010, 12, 4176-4183. 
[14] F. Li, R. Delgado, M. G. B. Drew and V. Felix, Dalton Trans., 2006, 5396-5403. 
[15] V. Amendola, L. Fabbrizzi, C. Mangano, A.M. Lanfredi, P. Pallavicini, A. Perotti and F. Ugozzoli, 
J. Chem. Soc., Dalton Trans., 2000, 1155-1160. 
[16] M.T. Miller, P.K. Gantzel, T.B. Karpishin, Inorg. Chem., 1998, 37, 2285-2290. 
[17] A. Technologies, CrysAlisPro, in, Agilent Technologies Ltd, UK, 2009-2011. 
[18] T.M. McPhillips, S.E. McPhillips, H.J. Chiu, A.E. Cohen, A.M. Deacon, P.J. Ellis, E. Garman, A. 
Gonzalez, N.K. Sauter, R.P. Phizackerley, S.M. Soltis and P. Kuhn, J. Synchrotron Rad. , 2002, 9, 
401-406. 
[19] N.P. Cowieson, D. Aragao, M. Clift, D.J. Ericsson, C. Gee, S.J. Harrop, N. Mudie, S. Panjikar, 
J.R. Price, A. Riboldi-Tunnicliffe, R. Williamson and T. Caradoc-Davies, J. Synchrotron Rad., 
2015, 22, 187-190. 
Synthesis and Characterization of two Cu(I) Metalloligands Based on Tetradentate Tripodal Ligands 
151 
 
[20] W. Kabsch, XDS, J. Appl. Cryst., 1993, 26, 795-800. 
[21] L.J. Farrugia, J. Appl. Cryst., 1999, 32, 837-838. 
[22] R.C. Clark, J.S. Reid, Acta Cryst., 1995, A51, 887-897. 
[23] G. Sheldrick, Acta Cryst., 2015, A71, 3-8. 
[24] G.M. Sheldrick, SHELX-2014: Programs for Crystal Structure Analysis, in, University of 
Göttingen, Göttingen, 2014. 
Chapter Five 
152 
 
5.7 Supporting Information 
 
Figure 5.S1 
1
H-NMR spectrum of L
1
 (DMSO, RT, 300 MHz)
 
 
 
Figure 5.S2 
13
C-NMR spectrum of L
1
 (DMSO, RT, 75.5 MHz). 
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Figure 5.S3 
1
H-NMR spectrum of L
2
 (DMSO, RT, 300MHz).
 
 
 
Figure 5.S4 
13
C-NMR spectrum of L
2
 (DMSO, RT, 75.5 MHz). 
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Figure 5.S5 ESI-HRMS spectrum of L
1
. The inset shows the isotope pattern for {[H+L
1
]
+
. 
 
 
Figure 5.S6 ESI-HRMS spectrum of L
2
. The inset shows the isotope pattern for {[H+L
2
]
+
. 
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Figure 5.S7 
1
H-NMR spectrum of 1 (DMSO, RT, 300MHz). 
 
Figure 5.S8 
1
H-NMR spectrum of 2 (DMSO, RT, 300MHz). 
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Figure 5.S9 .
1
H-NMR spectrum of 3 (DMSO, RT, 300MHz). 
 
Figure 5.S10 
1
H-NMR spectrum of 4 (DMSO, RT, 300MHz). 
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Figure 5.S11 
13
C-NMR spectrum of 1 (DMSO, RT, 75.5 MHz). 
 
Figure 5.S12 
13
C-NMR spectrum of 4 (DMSO, RT, 75.5 MHz). 
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Figure 5.S13 A backscattered SEM image (left) and an EDS spectrum (right) of complex 1. 
 
Figure 5.S14 A backscattered SEM image (left) and an EDS spectrum (right) of complex 2. 
 
Figure 5.S15 A backscattered SEM image (left) and an EDS spectrum (right) of complex 3. 
  
Figure 5.S16 A backscattered SEM image (left) and an EDS spectrum (right) of complex 4. 
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Figure 5.S17 ESI-HRMS spectrum of 2. The inset shows the isotope pattern for {[Cu+L
1
]
+
. 
 
 
Figure 5.S18 ESI-HRMS spectrum of 3. The inset shows the isotope pattern for {[Cu+L
2
]
+
. 
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Figure 5.S19 Solid state UV-vis absorption spectra of L
1
, 1 and 2 in nujol. 
 
 
Figure 5.S20 Solid state UV-vis absorption spectra of L
2
, 3 and 4 in nujol. 
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Figure 5.S21 FT-IR spectra of L
1
, 1 and 2 
 
Figure 5.S22 FT-IR spectra of L
2
, 3 and 4 
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Figure 5.S23 Raman spectra of L
1
, 1 and 2 
 
Figure 5.S24 Raman spectra of L
2
, 3 and 4 
Self–Assembly of a Unique 3d/4f Heterometallic Square Prismatic Box-Like Magnetic Cage 
163 
 
Chapter Six 
 
Self–Assembly of a Unique 3d/4f 
Heterometallic Square Prismatic 
Box-Like Magnetic Cage 
 
Li, L., Zhang, Y., Avdeen M., Lindoy, L. F., Harman, D. G., Zheng, R., Cheng, Z., 
Aldrich-Wright, J. R. and Li, F.  
Dalton Transactions, (2016), 45, 9407-9411 
 
Synopsis 
 
A unique, slightly distorted square prismatic, box-like coordination cage of type 
[Cu6Dy8L8(MeOH)8(H2O)6](NO3)12•χsolvent has been synthesized via the supramolecular 
assembly between a non-centrosymmetric Dy(III) metalloligand and Cu(II) nitrate. 
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6.1 Abstract 
The use of symmetrical metalloligands in metal directed self-assembly processes has been 
widely employed for generating a variety of metallo-cage structures. However, the use of 
non-centrosymmetric metalloligands in such a role appears not to have been reported 
previously. Such ligands might be anticipated to provide a route to cage structures displaying 
reduced symmetry. Here, we present the synthesis and characterization of a unique, slightly 
distorted square prismatic, box-like coordination cage of type 
[Cu6Dy8L8(MeOH)8(H2O)6](NO3)12.xsolvent obtained via the supramolecular assembly 
between a non-centrosymmetric Dy(III) metalloligand and Cu(II) nitrate. The eight corners of 
the box are defined by eight 8-coordinate Dy(III) ions while 5-coordinate Cu(II) ions occupy 
the centers of its six faces. Cage formation was demonstrated by X-ray crystallography, ESI 
high resolution mass spectrometry, CHN analysis, SEM-EDS, FT-IR and UV-Vis-NIR 
spectroscopy. Magnetic susceptibility measurements indicate that the complex behaves as a 
single-molecule magnet with frequency dependent out-of-phase (χ’’) component maxima 
below 2.5 K. 
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6.2 Introduction 
Both homo- and heterometallo-coordination cages have continued to receive considerable 
attention over recent years,
1-7
motivated by a range of potential applications as new materials 
for gas adsorption,
8,9
 drug delivery,
10,11
 catalysis,
12-14
 magnetic materials,
15-24
 and host-guest 
phenomena
25-35
 
 
as well as their use as ‘molecular flasks.36-40 In previous studies, our group41 
and others
23,24,42-49
 have reported the structures of a range of homonuclear M14 and 
heteronuclear M'6/M''8 metallocages where M, M' and M'' are monovalent, divalent and/or 
trivalent d-block metal ions typically displaying four to six coordination geometries in their 
respective cage products. In these species, which typically display high symmetry, eight 
6-coordinate metal centers occupy the corners of each cage, while a further six metals are 
positioned on or above each of the six faces to yield either distorted face-centered cubic or 
rhombo-dodecahedral arrangements of the overall fourteen metal centers. While the metal 
ions employed so far to prepare such cages have included Co(II), Co(III), Cr(III), Ni(II), 
Fe(III), Cu(I), Ru(II), Pd(II) and Pt(II), to the best of our knowledge no such homonuclear 
(M14) or heteronuclear (M'6/M''8) cages incorporating lanthanide(III)
 
ions have been reported. 
Apart from the potential of new materials of this type for generating potentially useful 
properties such as unusual fluorescence
50,51
 
 
or magnetic
52-54
 behavior, the use of a Ln(III) 
ion with its propensity for adopting a coordination number greater than six appeared likely to 
result in a topological change away from cubic in the product cage. Anticipation of such an 
outcome provided a further motivation for undertaking the present study. 
As an extension of our previous studies of a heteronuclear cage incorporating only 3d 
transition metals,
41
 we now describe the design and preparation of the new discrete 3d/4f 
coordination cage (1; [Cu6Dy8L8(MeOH)8(H2O)6](NO3)12•χsolvent) derived from a robust 
non-centrosymmetric Dy(III)-containing metalloligand. We also report the characterization of 
1 and demonstrate that this cage system shows single molecular magnet behavior. 
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6.3 Results and Discussion 
Preparation of the triprotoned Dy(III) metalloligand.  
The triprotoned form of the metalloligand [DyH3L(NO3)]
2+
 was prepared as reported 
previously.
55
 It exists as two enantiomers in both the solid state and solution, due to the screw 
coordination arrangement of the (achiral) distorted H3L tripodal ligand around the Dy(III) ion. 
55
 
Preparation of Cu(II)6/Dy(III)8 imidazole-bridged nanocage.  
The discrete heterometallic Cu(II)6/Dy(III)8 box-like coordination cage, 
[Cu6Dy8(MeOH)8(H2O)6L8](NO3)12.xsolvent was synthesized via a self-assembly procedure 
employing the pre-assembled metalloligand,
55
 [DyH3L(NO3)]
2+
 (where H3L = 
tris[2-((imidazol-4-yl)methylidene)amino)ethyl]amine) and Cu(II) nitrate in methanol under 
basic conditions. Diffusion of diethyl ether vapour into the methanol solution of the mixture 
afforded purple plate-shaped crystals of 1 in 69% yield. 
Characterization of the Cu(II)6/Dy(III)8 imidazole-bridged nanocage. 
An X-ray diffraction study showed that cage 1 crystallizes in the monoclinic space group C2/c. 
Dy(III)
 
ions define the eight corners of the box-like structure while Cu(II) ions occupy the 
centers of its six faces (Figure 6.1). Each complex is chiral, with either ΛΛΛΛΛΛΛΛ or 
ΔΔΔΔΔΔΔΔ configurations at the Dy(III) centres. Moreover, the chirality of [DyL(MeOH)] 
centres is communicated through the 4-bladed Cu(II) propellers, such that all Dy(III) centres 
and all Cu(II) centres have the same handedness within an individual cage, with the crystal 
structure containing an equal ratio of each of the cage enantiomers. As anticipated, the 
structure is not a cube but shows a deviation from cubic symmetry that reflects the presence 
of the non-centrosymmetric 8-coordinate Dy(III) corners that direct the structure towards a 
slightly distorted square prismatic box with the unequal sides having mean lengths of 8.99 ± 
0.06 and 9.65 ± 0.02 Å, respectively, with the ‘corner’ angles between sides being close to 
right angles (89.62 - 90.47°); alternate corners of the box show a slight non-equivalence 
(Figure 6.2). Angles between the coordination vectors defined by the N-Dy-N angles at each 
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corner of the square prism, where N is the copper-bound imidazolate donor atom, are 89.02
o
, 
67.60
 o
, 80.18
 o
 (Dy1); 87.10
 o
, 67.35
 o
, 79.06
 o
 (Dy2); 88.17
 o
, 67.32
 o
, 77.60
 o
 (Dy3); and 
87.91
 o
, 69.61
 o
, 79.30
 o
 (Dy4), respectively, for the four crystallographically distinct Dy(III) 
centres.Scanning electron microscopy (SEM) photographs indicated that the crystals of 
nanocage 1 undergo rapid decay due to loss of solvent (Figures 6.1e). In addition, scanning 
electron microscopy-energy-dispersive spectroscopy (SEM-EDS) analysis of 1 confirmed that, 
as expected, the ratio of Dy(III) and Cu(II) inside the cage is 4:3 (Figure 6.S1).  
 
Figure 6.1 A Crystal structure of cage 1. Color codes: C-black, Cu-green, Dy-cyan, H-white, N-blue 
and O-red. (a) Single-crystal structure of the heterometallic cage 1 viewed of the C4 symmetry axes; (b) 
Space-filling model of the structure; (c) The coordination environment of the respective Dy(III) sites; 
(d) Schematic representation of part of the crystal packing of 1 viewed down the c-axis and showing 
the top of one of the one-dimensional channels present in the crystal structure; (e) SEM image 
showing the shape of a crystal of 1. 
 
Figure 6.2 Three schematics of the nanocage 1 topology. Color codes: Cu-green, Dy-cyan. (a) 
Perspective view along a C2 symmetry axis highlighting one of the face-centred Cu(II) ions 
(coordinated by one of two disorder waters); (b) Perspective view along a C4 symmetry axis 
highlighting a second face-centred Cu(II) site (coordinated with one of four waters); (c) view through 
one of the Dy(III) corners.  
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Electrospray ionization high resolution mass spectrometry (ESI-HRMS) provided evidence 
that heterometallic 1 persists in solution. When 1 was dissolved in Milli-Q water, the major 
ions in the ESI-HRMS occurred at m/z values corresponding to {[Cu6Dy8L8](NO3)8}
4+
; 
{[Cu6Dy8L8](NO3)7}
5+
; {[Cu6Dy8L8](NO3)6}
6+
 (Figure 6.3), consistent with the loss of four, 
five and six nitrate anions from the heterometallic cluster, respectively. A few minor charge 
states were also easily identified, corresponding to the loss of two {[Cu6Dy8L8](NO3)10}
2+
, 
three {[Cu6Dy8L8](NO3)9}
3+
, seven {[Cu6Dy8L8](NO3)5}
7+ 
and eight nitrates 
{[Cu6Dy8L8](NO3)6}
6+
. In addition, a singly charged species of {[Cu6Dy8L8](NO3)11}
1+
, 
resulting from the loss of one nitrate, was observed at low intensity when the source cone 
voltage is increased (Figure 6.S2). The expected isotope patterns for the various charged 
states (Figures 6.S2-6.S9) were also observed, with the isotopic distributions for all the above 
eight species being in excellent agreement with their simulated patterns 
 
 
Figure 6.3 ESI-HRMS spectrum of coordination cage 1. The inset shows the isotope pattern for 
{[Cu6Dy8L8](NO3)7}
5+
. 
The absorption spectrum of 1 in the solid state over 2,000–200 nm is shown in Figure 
6.4. The spectrum in the UV-vis region (Figure 6.4a) shows an intense broad absorption 
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band at 560 nm and a lower intensity at 330 nm, the former arising from the d-d 
transitions characteristic of the Cu(II) ion and the latter assigned to the π–π* transitions 
associated with the bridged imidazolate ligand. The spectrum in the vis-NIR region 
(Figure 6.4b, c) exhibits nine distinct peaks attributable to the f-f transitions arising from 
the Dy(III) ion with the six expected absorption bands at 1637 (
6
H15/2), 1295 (
6
H15/2), 
1107 (
6
H9/2), 910 (
6
H7/2), 810 (
6
H5/2) and 760 (
6
H3/2) nm.
56
 The additional bands at 1420, 
1727 and 1920 nm can also be assigned to the f-f transition between 
6
H11/2 and the ground 
state, 
6
H15/2. The extensive splitting of the 
6
H11/2 state is due to the presence of multiple 
Dy(III) centres in cage 1. The upper states of Dy(III) ions for cage 1 together with the 
values from a reference
56
 are summarized in Table 6.S1. 
 
Figure 6.4 The absorption spectrum of cage 1 in 2,000–200 nm region. 
FT-IR spectrum and Raman spectrum of 1 were recorded at room temperature 
(Figures 6.S8 and S9). The FT-IR spectrum shows absorptions in the region 1600-1500 
cm
-1
 that are typical for imidazolate-imine (C=N) stretching modes. The FT-IR and 
Raman spectrum of 1 (Figure 6.S9) are very similar and also in accord with the presence 
of C=N groups.  
Magnetic properties of Cu(II)6/Dy(III)8 imidazole-bridged nanocage 
Zero-field-cooled DC magnetic susceptibility was measured over the temperature range 
2.5-300 K under a field of 1000 Oe. Analysis of the data with the Curie-Weiss law using 
the range 200-300 K indicated almost solely paramagnetic behavior to yield θ = 0.29(13) 
K (Figure 6.5). The χ·T plot above 100 K is nearly constant at a value of 110 
emuKmol-1 (Figure 6.5), from which the effective magnetic moment can be derived: 
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, where k, N and  are the Boltzmann constant, Avogadro constant and 
Bohr magneton, respectively. The measured  is in good agreement with the 
expected value of 30.4  for eight Dy(III) (S=5/2, L=5, J=15/2, 
) and six spin-only Cu(II) non-interacting ions (S=1/2, 
). As shown in Figure 6.5, ·T decreases with a lowering of 
the temperature below 100 K, with the magnetic moment of the ions starting to be 
affected by zero-field splitting (ZFS)
53
. ·T reaches minimum at 11 K and then rapidly 
increases with further lowering of the temperature and reaches 121 emuKmol-1 at 3 K, 
indicating the effect of ferromagnetic coupling between the Dy(III) and Cu(II) metal 
centers.
53
 The ZFS and ferromagnetic coupling predict single-molecule-magnet (SMM) 
behavior for this cage. Magnetization curves were measured at a series of temperatures 
and plotted as a function of the field-temperature ratio H/T (Figure 6.5). The 
magnetization rises rapidly with the ramping field and then continues to increase 
gradually. The maximum magnetic moment per molecule reaches  at T = 2.5 K 
and H = 9 T, but is not saturated. The  is significantly smaller than the nominal 
value of  for eight Dy(III) ( ) and six spin-only Cu(II) 
( ), but close to the values found in highly magnetically anisotropic 
systems in which Dy(III) contribution saturated around 5-5.2 B/atom.
57-59 
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Figure 6.5 (a) Magnetic susceptibility χ and χ·T product as functions of temperature; (b) isothermal 
magnetization as a function of field-temperature ratio at various temperatures. 
AC magnetic susceptibility was measured in an ac magnetic field of 3.0 Oe, oscillating at 
frequencies ranging from 100 to 5000 Hz at temperatures of 2.5–10.0 K to confirm possible 
SMM behavior (Figure 6.6). Indeed, the out-of-phase susceptibility, χ’’, demonstrated 
characteristic frequency dependence. The faster experimental timescale enables the 
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observation of the slow relaxation at higher temperatures. The blocking temperature is below 
2.5 K as it was not observed in our temperature range (Figure 6.6), which implies the 
corresponding energy barrier is below 42 cm
-1
. 
 
Figure 6.6 Temperature dependence of the in-phase (a) and out-of-phase (b) components of the AC 
susceptibility for frequencies of 100-5000 kHz. 
We describe the efficient synthesis of a unique example of a new heterometallic 
mixed-valent cationic cage of type [Cu6Dy8(MeOH)8(H2O)6L8]
12+
 incorporating eight 
metalloligands of type [DyL(MeOH)], with the square prismatic structure having been 
unambiguously characterized by X-ray crystallography, ESI mass spectrometry, FT-IR, and 
UV−vis−NIR spectroscopy. The results illustrate how non-centrosymmetric corner units can 
result in modification of the shape of the resulting cage structure from the usual cubic 
arrangement generated when centosymmetric corner units are employed. Further, the 
magnetic characterization shows the slow magnetic relaxation, characteristic of 
single-molecule magnets. As is typical of a polymetallic lanthanide-based cage compound 
Self–Assembly of a Unique 3d/4f Heterometallic Square Prismatic Box-Like Magnetic Cage 
173 
 
with large number of magnetic centers,
60
 the SMM behaviour of the title material is also 
rather weak. However, distortion of the cage from the cubic shape using non-centrosymmetric 
ligands as demonstrated in this work opens a new way to further increase overall anisotropy 
of magnetic cages and thus utilize large total spin of the high-nuclear lanthanide SMM 
systems. The complex behaviors of ·T reveals the ZFS and ferromagnetic coupling between 
the Dy(III) and Cu(II) metal centers at low temperature. 
6.4 Experimental 
Materials and synthesis 
All reagents and solvents were purchased from commercial sources. 
Physical measurements 
The UV-vis-NIR spectra (Figure 6.4) of cage 1 were measured using a Cary 5000 
spectrophotometer equipped with a Labsphere Biconical Accessory. The spectrum was 
referenced to that of a Labsphere certified standard (Spectralon), and transformed into 
Kubelka-Munk units,
61
F(R) = (1-R)
2
/2R.
 
High resolution ESI-MS data were acquired using a 
Waters Xevo QToF mass spectrometer, operating in positive ion mode. FT-IR spectra were 
recorded on a Bruker Tensor 27 Fourier transform infrared spectrometer using a diamond 
single bounce ATR sampling device. The Raman spectrum (Figure 6.S9) was recorded on a 
Renishaw inVia spectrometer equipped with a 514 nm excitation Ar laser. The spectrum was 
collected in the range 2,000-100 cm
-1
 with a spectral resolution of 1.7 cm-1 and calibrated 
using the 520.5 cm
-1
 line of a silicon wafer. A Zeiss Ultra Plus SEM (Carl Zeiss NTS GmbH, 
Oberkochen, Germany) operating under an accelerating voltage of 20 kV and equipped with 
an electron disperse spectroscopy (EDS) unit was used to confirm the presence of key 
elements (Figure 6.S7). 
Magnetic measurements.  
Susceptibility data were collected using a PPMS9 magnetometer (Quantum Design) calibrated 
against a standard palladium sample. Zero-field cooled DC susceptibility was measured under 
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the field of 1000 Oe in the range 2.5-300 K. AC susceptibility was measured using the field 
with the amplitude 3 Oe in the frequency range 0.1-5 kHz without DC field. The data were 
corrected for diamagnetism using the Pascal’s constants. 
Synthesis of the triprotoned metalloligand [DyH3L(NO3)](NO3)2  
This was prepared as reported previously.
55
 It was obtained as pale yellow crystals in 65% 
yield following recrystallization of the initial product from ethanol.  
Synthesis of nanocage 1 
An excess of triethylamine (1 mL) was added to a solution of [DyH3L(NO3)](NO3)2 (100 mg, 
0.14 mmol) in methanol (10 mL). The mixture was heated on 60 °C with stirring for 2 hrs 
leading to a clear yellow solution. Cu(NO3)2.3H2O (24 mg, 0.1 mmol) in methanol (10 mL) 
was slowly added to the stirred solution. This mixture was then heated at 80 °C for a further 2 
hrs leading to a purple suspension. The precipitate was filtered off. Slow diffusion of diethyl 
ether into the methanol filtrate resulted in the formation of purple crystals which were air 
dried. Yield: 69%. FT-IR (ATR, νmax/cm
-1
): 1616(s), 1462(s), 1336(s), 1254(s), 1113(s), 
1019(s), 907(w), 869(w), 805(m), 651(s), 494(m), 433(w); UV/Vis (solid state): λmax 560 nm; 
Elemental analysis (%) (calcd., found for C144H232Cu6Dy8N92O68): C (28.72, 28.64), H (3.88, 
3.73), N(21.40, 21.31); ESI-HRMS (positive-ion detection, Milli-Q water, m/z): cald. for 
{[Cu6Dy8L8](NO3)7}
5+
, 1026.8961; found, 1026.8967; found for {[Cu6Dy8L8](NO3)11}
1+ 
5382.4414; found for {[Cu6Dy8L8](NO3)10}
2+
 2660.2480; found for {[Cu6Dy8L8](NO3)9}
3+
 
1752.8469; found for {[Cu6Dy8L8](NO3)8}
4+
 1299.1299; found for {[Cu6Dy8L8](NO3)6}
6+
 
845.4147; found for {[Cu6Dy8L8](NO3)5}
7+
 715.7747; found for {[Cu6Dy8L8](NO3)4}
8+
 
618.6202; Single crystals were taken from the same sample and used directly in the X-ray 
study. 
Single crystal X-ray diffraction measurements. 
The single crystal data for cage 1 were collected on the MX1 beamline at the Australian 
Synchrotron. Diffraction data were collected using Si<111> monochromated synchrotron 
X-ray radiation (λ = 0.71074) at 100(2) K with BlueIce software62 and were corrected for 
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Lorentz and polarization effects using the XDS software.
63
 An empirical absorption correction 
was then applied using SADABS.
64
 The structure was solved by direct methods and the 
full-matrix least-squares refinements were carried out using SHELX suite of programme
65,66
 
via Olex
2
 interface.
67
 All non-hydrogen atoms with occupancies over 0.5 were located from 
the electron density map and refined anisotropically. Some disordered solvent molecules were 
refined isotropically. Hydrogen atoms bound to carbon atoms were added in the ideal 
positions and refined using a riding model.  
Table 6.1 Crystal data and structure refinement for Cage 1 
Empirical formula C161H236N80O27Cu6Dy8 
Formula weight 5405.52 
Temperature/K 100(2) 
Crystal system monoclinic 
Space group C2/c 
a/Å 24.673(12) 
b/Å 42.718(9) 
c/Å 24.298(5) 
α/° 90 
β/° 90.01(4) 
γ/° 90 
Volume/Å
3
 25610(15) 
Z 4 
ρcalcg/cm
3
 1.402 
μ/mm-1  2.854 (Synchrotron)  
F(000)  10720.0  
Radiation  Synchrotron (λ = 0.71074)  
2Θ range for data collection/°  1.906 to 49.508  
Index ranges  -29 ≤ h ≤ 28, -50 ≤ k ≤ 50, -28 ≤ l ≤ 28  
Reflections collected  155733  
Independent reflections  21649 [Rint = 0.0461, Rsigma = 0.0231]  
Data/restraints/parameters  21649/0/1286  
Goodness-of-fit on F
2
  1.035  
Final R indexes [I>=2σ (I)]  R1 = 0.0589, wR2 = 0.1652  
Final R indexes [all data]  R1 = 0.0741, wR2 = 0.1779  
Largest diff. peak/hole / e Å-3  2.51/-0.78  
*R1 = ||Fo| - |Fc||/|Fo| for Fo > 2σ(Fo); wR2 = (w(Fo
2
 - Fc
2
)
2
/ (wFc
2
)
2
)
1/2
 all reflections 
w=1/[ σ2(Fo
2
)+(0.2000P)
2
+100.0000P] where P=(Fo
2
+2Fc
2
)/3
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Specific details. The crystals employed in this study decayed rapidly out of solvent. Rapid 
handling (< 1 min) at dry-ice temperature, quenching in the nitrogen cryostream and much 
shorter time for data collection at the Australian Synchrotron significantly improved the data 
quality. In addition, the unit cell contains substantial solvent accessible voids (1913.84 Å
3
, 
7.5 % of the unit cell) with a large amount of disordered nitrate anions and solvent 
molecules (methanol, water and diethyl ether) shown in Figure 6.S12. The voids are mainly 
between the cages in the crystal lattice, which is common for such type of cage compound. As 
the contribution from these disordered anions and solvent molecules is quite small with the 
largest electron residue peak at around 2, they were not removed for the final structure 
refinement.  
6.5 Conclusions 
In spite of the considerable number of M'6/M''8-based metallocages now reported
23,24,42-49
, 1 
represents the first example of such a heteronuclear cage structure incorporating Ln(III) as 
one of the metal ions composing the heteronuclear pair. Further, in contrast to the previous 
systems of the above type based on symmetrical metallo-ligand building blocks, the present 
system involves the use of a non-symmetric metalloligand in a coordination cage system for 
the first time and we demonstrate that it leads to a square prismatic, box-like structure rather 
than the usual symmetrical cubic cage arrangement that is normal for such systems. The 
present result clearly opens the way for the use of coordination sphere ‘tuning’ of the metal 
centre in a metalloligand as a means for modulating (and directing) the topology of the 
resulting cage in a systematic manner. We are currently undertaking further investigations in 
this direction. 
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6.7 Supporting Information 
 
 
Element Weight% 
C K 16.54 
N K 5.59 
O K 61.98 
Dy L 9.25 
Cu K 6.64 
Totals 100.00 
  
Dy: Cu= 4.0 : 2.9 
  
 
 
Figure 6.S1 A backscattered SEM image and an EDS spectrum of cage 1 confirming the atomic ratio 
of Dy:Cu =4:3. 
 
 
Self–Assembly of a Unique 3d/4f Heterometallic Square Prismatic Box-Like Magnetic Cage 
181 
 
 
Figure 6.S2 The isotope pattern (bottom) with the simulated distribution (top) for 
{[Cu6Dy8L8](NO3)11}
1+
. 
 
 
Figure 6.S3 The isotope pattern (bottom) with the simulated distribution (top) for 
{[Cu6Dy8L8](NO3)10}
2+
. 
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Figure 6.S4 The isotope pattern (bottom) with the simulated distribution (top) for 
{[Cu6Dy8L8](NO3)9}
3+
. 
 
Figure 6.S5 The isotope pattern (bottom) with the simulated distribution (top) for 
{[Cu6Dy8L8](NO3)8}
4+
. 
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Figure 6.S6 The isotope pattern (bottom) with the simulated distribution (top) for 
{[Cu6Dy8L8](NO3)7}
5+
. 
 
 
 
Figure 6.S7 The isotope pattern (bottom) with the simulated distribution (top) for 
{[Cu6Dy8L8](NO3)6}
6+
. 
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Figure 6.S8 The isotope pattern (bottom) with the simulated distribution (top) 
for{[Cu6Dy8L8](NO3)5}
7+
. 
 
 
Figure 6.S9 The isotope pattern (bottom) with the simulated distribution (top) 
for{[Cu6Dy8L8](NO3)4}
8+
. 
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Table 6. S1 Upper states of Dy(III) ions. 
Cage 1  Dy(III)    
nm  nm cm
-1
 
1920 
6
H11/2
 
  
1637, 1727 
6
H11/2 1674 5973 
1295, 1420 
6
H11/2 1262 7924 
1107 
6
H9/2 1097 9116 
910 
6
H7/2 890 11236 
810 
6
H5/2 792 12626 
760 
6
H3/2 753 13280 
 
 
 
 
 
Figure 6.S10 FT-IR spectrum of Cage 1. 
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Figure 6.S11 A Raman spectrum of cage 1 in 2,000‒200 cm-1 region. 
 
 
Figure 6.S12 The representation of the crystal packing of 1 containing substantial solvent accessible 
voids. 
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Figure 6. S13 The Oak Ridge thermal ellipsoid plot representation of 1 in 50% ellipsoid. 
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Table 6.S2 Fractional Atomic Coordinates (×10
4
) and Equivalent Isotropic Displacement 
Parameters (Å
2
×10
3
) for 1. Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Dy1 866.0(2) 4072.5(2) 4951.7(2) 37.24(12) 
Dy2 -2421.7(2) 1818.9(2) 3394.3(2) 38.93(12) 
Dy3 917.9(2) 1818.1(2) 4938.3(2) 38.98(12) 
Dy4 2417.9(2) 4082.8(2) 1595.8(2) 42.49(13) 
Cu1 0 1472.4(3) 2500 35.0(3) 
Cu2 0 4457.6(3) 2500 39.8(3) 
Cu3 -816.7(4) 2943.5(2) 4287.5(4) 40.0(2) 
Cu4 1784.5(4) 2959.6(2) 3331.4(4) 39.7(2) 
O1 136(2) 4159.9(13) 5446(2) 49.7(14) 
O2 -2272(2) 1678.8(13) 4244(2) 50.2(14) 
O3 1761(2) 1687.9(13) 4795(2) 48.7(13) 
O4 2855(3) 4222.7(14) 2346(3) 58.0(16) 
O5 -422(4) 2945.1(16) 3420(4) 94(3) 
O6 927(4) 2953.2(16) 2906(4) 95(3) 
N1 1355(3) 4299.4(16) 5843(3) 48.8(17) 
N2 839(3) 4651.9(15) 5014(3) 44.4(16) 
N3 616(3) 4318.4(14) 4088(3) 38.6(14) 
N4 288(3) 4482.0(14) 3262(3) 42.6(15) 
N5 1844(3) 4204.7(15) 4827(3) 42.6(15) 
N6 1360(2) 3720.8(13) 4309(2) 34.7(13) 
N7 1699(3) 3354.6(14) 3742(3) 38.9(14) 
N8 1106(3) 3660.1(15) 5614(3) 46.2(16) 
N9 327(3) 3593.2(13) 4803(2) 37.0(14) 
N10 -216(3) 3183.1(14) 4629(3) 43.6(15) 
N11 -3401(3) 1576.7(16) 3607(3) 46.2(16) 
N12 -2458(3) 1240.2(15) 3347(3) 49.5(17) 
N13 -1598(3) 1596.9(14) 3010(3) 40.7(15) 
N14 -768(3) 1450.3(14) 2731(3) 38.4(14) 
N15 -3068(3) 2213.5(15) 3751(3) 42.4(15) 
N16 -1957(3) 2287.8(14) 3755(3) 37.8(14) 
N17 -1468(2) 2698.7(13) 4052(3) 38.0(14) 
N18 -3021(3) 1729.4(17) 2569(3) 50.7(18) 
N19 -2286(2) 2198.0(14) 2627(3) 38.1(14) 
N20 -2054(3) 2561.8(14) 1992(3) 41.9(15) 
N21 1137(3) 1568.8(17) 5926(3) 49.0(17) 
N22 101(3) 1715.6(17) 5531(3) 51.7(18) 
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N23 144(2) 2193.0(14) 4791(3) 38.4(14) 
N24 -488(3) 2542.5(14) 4556(3) 39.7(14) 
N25 887(3) 1234.3(16) 4972(3) 51.5(18) 
N26 537(3) 1595.4(14) 4115(3) 40.0(14) 
N27 231(3) 1448.2(14) 3276(3) 38.3(14) 
N28 1242(3) 2209.5(16) 5606(3) 44.4(15) 
N29 1257(2) 2294.3(13) 4477(2) 36.3(13) 
N30 1542(3) 2713.3(13) 3986(3) 40.0(14) 
N31 3293(3) 4323.9(18) 1100(3) 55.2(18) 
N32 2320(3) 4178.4(16) 597(3) 49.9(17) 
N33 1814(3) 3701.1(14) 1120(3) 41.5(15) 
N34 1227(3) 3340.5(14) 802(3) 39.8(14) 
N35 2429(3) 4666.4(16) 1546(3) 52.5(18) 
N36 1550(3) 4312.4(14) 1854(3) 44.4(15) 
N37 745(3) 4467.8(14) 2194(3) 40.7(14) 
N38 3117(3) 3690.9(17) 1407(3) 52.8(18) 
N39 2296(3) 3612.0(14) 2176(3) 39.6(14) 
N40 2119(3) 3198.4(14) 2720(3) 43.5(15) 
C1 1009(4) 4572.6(19) 6005(4) 55(2) 
C2 970(4) 4813.5(19) 5533(3) 53(2) 
C3 622(3) 4802.4(18) 4620(3) 45.3(19) 
C4 511(3) 4634.5(17) 4116(3) 40.8(17) 
C5 324(3) 4733.7(18) 3599(3) 45.3(19) 
C6 469(3) 4239.8(18) 3574(3) 42.3(18) 
C7 1929(4) 4395(2) 5757(4) 54(2) 
C8 2080(4) 4460(2) 5160(4) 54(2) 
C9 2137(3) 4045.2(17) 4502(4) 44.3(19) 
C10 1905(3) 3789.3(16) 4204(3) 36.7(16) 
C11 2110(3) 3571.1(17) 3862(3) 42.3(18) 
C12 1265(3) 3462.7(17) 4021(3) 37.5(16) 
C13 1308(4) 4060.6(19) 6278(3) 54(2) 
C14 1479(4) 3735(2) 6055(4) 55(2) 
C15 843(4) 3404.8(19) 5603(4) 51(2) 
C16 443(3) 3355.8(17) 5177(3) 39.9(17) 
C17 108(3) 3107.5(19) 5065(3) 45.5(19) 
C18 -65(3) 3478.1(18) 4493(3) 42.0(18) 
C19 -202(4) 3974(3) 5783(4) 69(3) 
C20 -3278(4) 1276(2) 3899(4) 53(2) 
C21 -2925(4) 1061(2) 3559(4) 60(2) 
C22 -2023(4) 1092.8(19) 3204(4) 52(2) 
C23 -1567(3) 1271.6(17) 3022(3) 41.3(17) 
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C24 -1058(3) 1183.4(19) 2848(4) 47.9(19) 
C25 -1109(3) 1689.6(17) 2838(3) 38.2(16) 
C26 -3751(4) 1524(2) 3128(4) 56(2) 
C27 -3433(4) 1485(2) 2591(4) 62(3) 
C28 -2984(4) 1911(2) 2153(3) 51(2) 
C29 -2590(3) 2157.6(18) 2157(3) 41.8(18) 
C30 -2444(3) 2378.3(19) 1766(3) 45.4(19) 
C31 -1981(3) 2448.4(16) 2503(3) 38.8(17) 
C32 -3675(3) 1794(2) 3993(4) 51(2) 
C33 -3638(3) 2133(2) 3794(4) 52(2) 
C34 -2877(3) 2462.4(19) 3943(3) 46.0(19) 
C35 -2310(3) 2523.9(18) 3933(3) 41.8(17) 
C36 -2005(3) 2770.8(17) 4115(3) 40.6(17) 
C37 -1462(3) 2409.9(17) 3838(3) 39.1(17) 
C38 -2260(4) 1832(2) 4750(4) 57(2) 
C39 648(4) 1507(2) 6270(4) 59(2) 
C40 133(4) 1465(2) 5938(4) 61(3) 
C41 -322(3) 1889(2) 5490(4) 54(2) 
C42 -321(3) 2142(2) 5104(3) 46.5(19) 
C43 -707(3) 2353.0(18) 4945(3) 45.7(19) 
C44 21(3) 2433.4(16) 4486(3) 38.6(17) 
C45 1428(4) 1277(2) 5796(4) 57(2) 
C46 1109(4) 1057(2) 5445(4) 59(2) 
C47 739(4) 1090.0(19) 4539(4) 48(2) 
C48 544(3) 1269.0(17) 4071(3) 43.0(18) 
C49 353(4) 1179.3(19) 3562(3) 47.8(19) 
C50 340(3) 1686.3(17) 3623(3) 37.8(16) 
C51 1503(4) 1797(2) 6214(4) 53(2) 
C52 1286(4) 2127(2) 6182(3) 51(2) 
C53 1419(3) 2468.7(19) 5419(4) 46.6(19) 
C54 1425(3) 2532.0(17) 4839(3) 38.3(16) 
C55 1590(3) 2784.4(18) 4535(3) 41.0(17) 
C56 1341(3) 2417.9(18) 3980(3) 40.9(17) 
C57 2256(3) 1849(2) 4813(4) 58(2) 
C58 3227(4) 4383(2) 494(4) 62(3) 
C59 2630(4) 4427(2) 326(4) 59(2) 
C60 2003(4) 4006.5(19) 304(4) 49(2) 
C61 1715(3) 3756.3(17) 563(3) 39.0(17) 
C62 1360(3) 3539.6(17) 371(3) 41.1(17) 
C63 1515(3) 3451.2(17) 1230(3) 38.5(17) 
C64 3404(4) 4615(2) 1406(4) 61(2) 
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C65 2926(4) 4835(2) 1403(4) 64(3) 
C66 2024(4) 4809.8(19) 1744(3) 49(2) 
C67 1546(4) 4637.4(17) 1890(3) 44.2(19) 
C68 1054(4) 4729.6(19) 2098(3) 47.3(19) 
C69 1063(3) 4228.6(18) 2038(3) 43.9(18) 
C70 3738(4) 4099(2) 1183(5) 66(3) 
C71 3566(4) 3768(2) 1056(4) 63(3) 
C72 3095(4) 3429(2) 1676(4) 54(2) 
C73 2679(3) 3377.0(18) 2069(3) 42.6(18) 
C74 2563(4) 3126.8(18) 2407(3) 47.4(19) 
C75 1980(3) 3496.6(17) 2558(3) 42.0(18) 
C76 3170(6) 4048(3) 2729(5) 89(4) 
O16 0 3878.8(18) 2500 61(2) 
O14 3135(7) 4555(4) 3925(8) 100(5) 
O9 1989(3) 1275.5(18) 4026(3) 77(2) 
C77 1894(6) 1451(3) 3525(5) 95(4) 
O18 -1413(6) 645(4) 4154(7) 80(4) 
O10 2400(4) 4604(2) 3028(4) 106(3) 
C78 1924(6) 4476(3) 3256(5) 88(4) 
O15 2643(8) 5219(5) 2856(8) 105(6) 
O11 -636(3) 4482.5(16) 4963(3) 71.1(19) 
C79 -764(5) 4359(2) 4427(5) 71(3) 
O17 0 2045.3(19) 2500 70(3) 
O12 -1529(4) 1249.9(19) 4478(3) 84(2) 
C80 -1004(6) 1416(3) 4389(6) 98(4) 
O19 1712(5) 683(3) 3905(6) 65(3) 
O13 -1435(5) 4465(3) 5709(5) 52(3) 
C81 -1712(7) 4736(4) 5797(7) 48(4) 
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Table 6.S3 Anisotropic Displacement Parameters (Å
2
×10
3
). The Anisotropic displacement factor 
exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Dy1 48.4(2) 30.5(2) 32.8(2) -4.04(13) 1.17(15) -1.53(14) 
Dy2 42.6(2) 33.5(2) 40.7(2) -2.55(14) 11.57(16) -6.24(14) 
Dy3 42.8(2) 35.7(2) 38.4(2) 6.34(14) -5.73(15) -1.67(15) 
Dy4 48.0(2) 34.3(2) 45.1(2) 4.42(15) 1.19(17) -7.40(15) 
Cu1 38.8(7) 32.3(6) 33.8(7) 0 4.0(5) 0 
Cu2 53.1(8) 34.0(7) 32.4(7) 0 -0.1(6) 0 
Cu3 44.0(5) 28.4(5) 47.5(5) 0.2(4) -1.1(4) 1.0(4) 
Cu4 52.8(6) 27.2(5) 39.1(5) -1.1(4) 5.7(4) 2.0(4) 
O1 61(4) 40(3) 48(3) -3(3) 15(3) -1(3) 
O2 59(4) 48(3) 44(3) -1(3) 11(3) -4(3) 
O3 45(3) 49(3) 52(3) 9(3) -6(3) -1(3) 
O4 67(4) 50(4) 57(4) 2(3) -13(3) -12(3) 
O5 136(8) 52(4) 92(6) -1(4) 38(6) -11(5) 
O6 96(6) 54(4) 135(8) 9(5) -39(6) -2(4) 
N1 61(4) 44(4) 42(4) -6(3) -11(3) -1(3) 
N2 61(4) 41(4) 32(3) -7(3) 0(3) -3(3) 
N3 51(4) 28(3) 37(3) -2(3) -3(3) -2(3) 
N4 60(4) 34(3) 34(3) 1(3) -3(3) 1(3) 
N5 49(4) 37(3) 42(4) -8(3) -1(3) -4(3) 
N6 46(4) 22(3) 36(3) -5(2) 4(3) 0(2) 
N7 48(4) 32(3) 36(3) 1(3) 3(3) -1(3) 
N8 55(4) 41(4) 43(4) -1(3) -7(3) 2(3) 
N9 45(4) 29(3) 36(3) -4(3) -1(3) 0(3) 
N10 44(4) 33(3) 54(4) 7(3) -3(3) 1(3) 
N11 48(4) 43(4) 47(4) 2(3) 10(3) -11(3) 
N12 57(4) 34(3) 58(4) -2(3) 19(3) -15(3) 
N13 44(4) 35(3) 43(4) -5(3) 10(3) -4(3) 
N14 45(4) 31(3) 39(3) 1(3) 4(3) -3(3) 
N15 41(4) 37(4) 50(4) -1(3) 11(3) 0(3) 
N16 43(4) 31(3) 39(3) -3(3) 3(3) 5(3) 
N17 40(3) 26(3) 48(4) -3(3) 0(3) 3(3) 
N18 57(4) 49(4) 46(4) -8(3) 10(3) -23(3) 
N19 42(3) 33(3) 39(3) -3(3) 7(3) -3(3) 
N20 57(4) 27(3) 42(4) -3(3) 4(3) -5(3) 
N21 50(4) 52(4) 45(4) 12(3) -8(3) 3(3) 
N22 53(4) 48(4) 54(4) 22(3) -4(3) -8(3) 
N23 39(3) 36(3) 41(4) 4(3) -1(3) -3(3) 
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N24 42(4) 27(3) 49(4) 2(3) 0(3) -2(3) 
N25 65(5) 36(4) 53(4) 14(3) -15(4) -1(3) 
N26 44(4) 34(3) 41(4) 2(3) -8(3) -1(3) 
N27 47(4) 31(3) 37(3) 0(3) 3(3) 2(3) 
N28 48(4) 49(4) 36(4) 3(3) -6(3) -2(3) 
N29 41(3) 31(3) 37(3) -2(3) 0(3) 1(3) 
N30 54(4) 26(3) 40(4) -1(3) 4(3) -1(3) 
N31 56(4) 55(4) 55(4) 11(4) 7(3) -15(4) 
N32 55(4) 46(4) 49(4) 8(3) 8(3) -15(3) 
N33 47(4) 32(3) 46(4) 5(3) 4(3) -5(3) 
N34 45(4) 27(3) 47(4) 6(3) 2(3) 1(3) 
N35 61(5) 38(4) 58(5) 5(3) -1(4) -16(3) 
N36 56(4) 31(3) 47(4) 3(3) 2(3) -5(3) 
N37 55(4) 31(3) 36(3) 2(3) 1(3) -1(3) 
N38 52(4) 51(4) 55(4) 8(3) 8(3) 1(3) 
N39 49(4) 30(3) 40(3) 0(3) 0(3) -2(3) 
N40 60(4) 28(3) 42(4) -1(3) 8(3) 4(3) 
C1 83(6) 40(5) 43(5) -22(4) -7(4) -1(4) 
C2 81(6) 39(4) 39(4) -16(4) 1(4) -1(4) 
C3 58(5) 33(4) 44(5) -6(3) 3(4) 4(4) 
C4 57(5) 30(4) 35(4) -1(3) -4(3) -1(3) 
C5 63(5) 32(4) 42(4) 0(3) -2(4) 0(4) 
C6 59(5) 32(4) 36(4) -5(3) 6(3) -2(3) 
C7 68(6) 44(5) 50(5) -12(4) -12(4) -5(4) 
C8 60(5) 41(5) 60(6) -15(4) -9(4) -5(4) 
C9 38(4) 35(4) 60(5) 0(4) -3(4) -5(3) 
C10 44(4) 24(3) 42(4) 0(3) 2(3) -3(3) 
C11 42(4) 35(4) 50(5) 2(3) 3(3) -2(3) 
C12 44(4) 37(4) 31(4) -5(3) 6(3) -4(3) 
C13 85(7) 48(5) 30(4) -3(3) -16(4) -4(4) 
C14 77(6) 43(5) 45(5) 4(4) -17(4) 0(4) 
C15 62(5) 35(4) 55(5) 5(4) -5(4) 1(4) 
C16 47(4) 34(4) 39(4) 2(3) 2(3) 3(3) 
C17 49(5) 39(4) 49(5) 5(4) 1(4) -2(4) 
C18 44(4) 34(4) 48(5) -2(3) 3(4) 7(3) 
C19 74(7) 71(7) 61(6) -2(5) 18(5) -4(5) 
C20 51(5) 50(5) 59(5) 5(4) 21(4) -15(4) 
C21 62(6) 49(5) 69(6) -1(4) 25(5) -15(4) 
C22 58(5) 33(4) 64(6) -5(4) 13(4) -11(4) 
C23 47(4) 33(4) 44(4) -2(3) 11(3) -5(3) 
C24 52(5) 36(4) 55(5) -3(4) 3(4) -7(4) 
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C25 39(4) 34(4) 41(4) 1(3) 8(3) -4(3) 
C26 56(5) 62(6) 51(5) -7(4) 9(4) -29(4) 
C27 69(6) 66(6) 50(5) -8(4) 18(4) -38(5) 
C28 65(6) 51(5) 38(4) -7(4) 6(4) -19(4) 
C29 50(5) 33(4) 42(4) -3(3) 13(4) -8(3) 
C30 54(5) 44(4) 38(4) -2(3) 3(4) 0(4) 
C31 47(4) 28(4) 41(4) -1(3) 4(3) -8(3) 
C32 43(5) 63(6) 47(5) -3(4) 14(4) -9(4) 
C33 42(5) 56(5) 60(5) -4(4) 12(4) 4(4) 
C34 48(5) 38(4) 53(5) -5(4) 10(4) 8(4) 
C35 45(4) 37(4) 43(4) -3(3) 4(3) -1(3) 
C36 49(5) 27(4) 45(4) -3(3) 7(3) -1(3) 
C37 46(4) 31(4) 41(4) 2(3) 7(3) -1(3) 
C38 69(6) 61(6) 41(5) -6(4) 6(4) -2(5) 
C39 63(6) 62(6) 52(5) 28(4) -4(4) -7(4) 
C40 53(5) 65(6) 65(6) 35(5) -9(4) -13(4) 
C41 40(5) 55(5) 66(6) 23(4) 3(4) -2(4) 
C42 44(5) 49(5) 46(5) 9(4) -5(4) 0(4) 
C43 42(4) 41(4) 54(5) 3(4) 1(4) 2(3) 
C44 44(4) 27(4) 44(4) 4(3) -1(3) -1(3) 
C45 55(5) 56(5) 60(6) 21(4) -18(4) -1(4) 
C46 72(6) 51(5) 56(5) 18(4) -14(5) 7(4) 
C47 60(5) 32(4) 52(5) 8(4) -8(4) 3(4) 
C48 53(5) 32(4) 45(4) 4(3) -8(4) 3(3) 
C49 67(5) 33(4) 43(5) 2(3) 3(4) -1(4) 
C50 41(4) 33(4) 39(4) 5(3) -5(3) 2(3) 
C51 52(5) 68(6) 39(5) 12(4) -11(4) 1(4) 
C52 62(5) 60(5) 33(4) 2(4) -4(4) -4(4) 
C53 48(5) 39(4) 53(5) -8(4) -11(4) -1(4) 
C54 46(4) 34(4) 36(4) 1(3) -2(3) 4(3) 
C55 46(4) 35(4) 42(4) -1(3) -1(3) -5(3) 
C56 51(5) 37(4) 35(4) -2(3) 3(3) 5(3) 
C57 39(5) 63(6) 72(6) 14(5) -5(4) -2(4) 
C58 68(6) 58(6) 61(6) 11(5) 16(5) -18(5) 
C59 75(6) 48(5) 53(5) 14(4) 3(5) -24(4) 
C60 58(5) 43(4) 45(5) 7(4) 4(4) -2(4) 
C61 46(4) 34(4) 37(4) 0(3) 4(3) 0(3) 
C62 47(4) 39(4) 37(4) 2(3) 1(3) 0(3) 
C63 44(4) 34(4) 37(4) 5(3) 3(3) -5(3) 
C64 54(5) 56(5) 73(7) 8(5) 3(5) -22(4) 
C65 75(7) 42(5) 74(7) 3(4) 7(5) -27(5) 
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C66 71(6) 31(4) 46(5) 5(3) -3(4) -4(4) 
C67 62(5) 29(4) 42(4) 9(3) -1(4) -4(3) 
C68 66(5) 34(4) 41(4) 1(3) -2(4) 3(4) 
C69 59(5) 35(4) 37(4) 6(3) 6(4) -7(4) 
C70 41(5) 72(7) 86(7) 14(5) 12(5) -8(4) 
C71 53(5) 63(6) 73(7) 9(5) 19(5) 5(4) 
C72 58(5) 43(5) 62(6) 0(4) 11(4) 7(4) 
C73 52(5) 36(4) 40(4) -1(3) 3(3) 1(3) 
C74 61(5) 33(4) 48(5) 3(3) 7(4) 2(4) 
C75 55(5) 30(4) 41(4) -2(3) -1(4) 1(3) 
C76 104(9) 91(9) 72(8) 11(6) -29(7) -18(7) 
O16 82(6) 27(4) 73(6) 0 6(5) 0 
O9 72(5) 82(5) 75(5) -7(4) 7(4) 10(4) 
C77 114(10) 104(10) 66(7) 9(7) 22(7) -30(8) 
O10 117(7) 112(7) 89(7) -38(5) -2(5) -20(6) 
C78 101(9) 90(9) 72(8) 21(6) -7(7) 1(7) 
O11 83(5) 58(4) 72(5) -2(3) 8(4) 10(4) 
C79 79(7) 56(6) 78(7) -3(5) 7(6) 4(5) 
O17 86(7) 33(5) 90(7) 0 -5(6) 0 
O12 107(6) 80(5) 66(5) 5(4) 7(4) 26(5) 
C80 94(9) 102(10) 97(10) -25(8) -12(8) 4(8) 
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Table 6.S4 Bond Lengths. 
Atom Atom Length/Å 
 
Atom Atom Length/Å 
Dy1 O1 2.197(6) 
 
N18 C28 1.275(11) 
Dy1 N1 2.662(7) 
 
N19 C29 1.376(10) 
Dy1 N2 2.481(7) 
 
N19 C31 1.341(9) 
Dy1 N3 2.427(6) 
 
N20 Cu4
1
 1.986(6) 
Dy1 N5 2.496(7) 
 
N20 C30 1.357(10) 
Dy1 N6 2.487(6) 
 
N20 C31 1.345(10) 
Dy1 N8 2.457(7) 
 
N21 C39 1.492(11) 
Dy1 N9 2.468(6) 
 
N21 C45 1.472(12) 
Dy2 O2 2.181(6) 
 
N21 C51 1.500(11) 
Dy2 N11 2.679(6) 
 
N22 C40 1.461(10) 
Dy2 N12 2.476(7) 
 
N22 C41 1.282(11) 
Dy2 N13 2.430(6) 
 
N23 C42 1.391(10) 
Dy2 N15 2.477(6) 
 
N23 C44 1.303(9) 
Dy2 N16 2.469(6) 
 
N24 C43 1.356(10) 
Dy2 N18 2.522(7) 
 
N24 C44 1.352(10) 
Dy2 N19 2.493(6) 
 
N25 C46 1.481(10) 
Dy3 O3 2.182(6) 
 
N25 C47 1.274(11) 
Dy3 N21 2.680(7) 
 
N26 C48 1.398(10) 
Dy3 N22 2.517(7) 
 
N26 C50 1.346(9) 
Dy3 N23 2.518(6) 
 
N27 C49 1.376(10) 
Dy3 N25 2.497(7) 
 
N27 C50 1.349(10) 
Dy3 N26 2.407(6) 
 
N28 C52 1.447(10) 
Dy3 N28 2.463(7) 
 
N28 C53 1.274(10) 
Dy3 N29 2.468(6) 
 
N29 C54 1.407(9) 
Dy4 O4 2.201(6) 
 
N29 C56 1.334(10) 
Dy4 N31 2.679(7) 
 
N30 C55 1.375(10) 
Dy4 N32 2.473(7) 
 
N30 C56 1.356(10) 
Dy4 N33 2.493(6) 
 
N31 C58 1.503(12) 
Dy4 N35 2.496(7) 
 
N31 C64 1.475(12) 
Dy4 N36 2.438(7) 
 
N31 C70 1.472(12) 
Dy4 N38 2.446(7) 
 
N32 C59 1.466(10) 
Dy4 N39 2.474(6) 
 
N32 C60 1.287(11) 
Cu1 N14
1
 1.978(6) 
 
N33 C61 1.395(10) 
Cu1 N14 1.978(6) 
 
N33 C63 1.325(9) 
Cu1 N27
1
 1.972(6) 
 
N34 Cu3
1
 1.987(6) 
Cu1 N27 1.972(6) 
 
N34 C62 1.388(10) 
Cu2 N4
1
 1.987(6) 
 
N34 C63 1.346(10) 
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Cu2 N4 1.987(6) 
 
N35 C65 1.466(11) 
Cu2 N37 1.983(7) 
 
N35 C66 1.265(11) 
Cu2 N37
1
 1.983(7) 
 
N36 C67 1.391(10) 
Cu3 O5 2.322(8) 
 
N36 C69 1.329(10) 
Cu3 N10 1.984(7) 
 
N37 C68 1.373(10) 
Cu3 N17 2.000(6) 
 
N37 C69 1.344(10) 
Cu3 N24 2.004(6) 
 
N38 C71 1.439(11) 
Cu3 N34
1
 1.987(6) 
 
N38 C72 1.296(11) 
Cu4 O6 2.355(9) 
 
N39 C73 1.403(10) 
Cu4 N7 1.972(6) 
 
N39 C75 1.309(10) 
Cu4 N20
1
 1.987(6) 
 
N40 C74 1.368(10) 
Cu4 N30 1.998(6) 
 
N40 C75 1.376(10) 
Cu4 N40 1.983(7) 
 
C1 C2 1.544(12) 
O1 C19 1.411(11) 
 
C3 C4 1.445(11) 
O2 C38 1.393(10) 
 
C4 C5 1.403(11) 
O3 C57 1.403(10) 
 
C7 C8 1.524(13) 
O4 C76 1.423(13) 
 
C9 C10 1.430(10) 
N1 C1 1.499(11) 
 
C10 C11 1.346(11) 
N1 C7 1.489(11) 
 
C13 C14 1.551(12) 
N1 C13 1.474(11) 
 
C15 C16 1.446(12) 
N2 C2 1.472(10) 
 
C16 C17 1.373(11) 
N2 C3 1.272(10) 
 
C20 C21 1.513(12) 
N3 C4 1.377(9) 
 
C22 C23 1.430(11) 
N3 C6 1.342(10) 
 
C23 C24 1.377(11) 
N4 C5 1.353(10) 
 
C26 C27 1.532(12) 
N4 C6 1.358(10) 
 
C28 C29 1.436(11) 
N5 C8 1.477(10) 
 
C29 C30 1.386(11) 
N5 C9 1.270(10) 
 
C32 C33 1.530(12) 
N6 C10 1.399(9) 
 
C34 C35 1.423(11) 
N6 C12 1.327(9) 
 
C35 C36 1.369(11) 
N7 C11 1.402(10) 
 
C39 C40 1.517(12) 
N7 C12 1.349(9) 
 
C41 C42 1.432(12) 
N8 C14 1.451(11) 
 
C42 C43 1.368(11) 
N8 C15 1.268(10) 
 
C45 C46 1.495(13) 
N9 C16 1.392(9) 
 
C47 C48 1.450(11) 
N9 C18 1.321(10) 
 
C48 C49 1.380(11) 
N10 C17 1.366(10) 
 
C51 C52 1.511(13) 
N10 C18 1.355(10) 
 
C53 C54 1.435(11) 
N11 C20 1.497(11) 
 
C54 C55 1.369(11) 
N11 C26 1.467(11) 
 
C58 C59 1.539(14) 
N11 C32 1.481(11) 
 
C60 C61 1.429(11) 
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N12 C21 1.477(10) 
 
C61 C62 1.358(11) 
N12 C22 1.293(11) 
 
C64 C65 1.507(14) 
N13 C23 1.392(10) 
 
C66 C67 1.437(12) 
N13 C25 1.337(9) 
 
C67 C68 1.373(12) 
N14 C24 1.376(10) 
 
C70 C71 1.506(14) 
N14 C25 1.349(9) 
 
C72 C73 1.420(12) 
N15 C33 1.451(10) 
 
C73 C74 1.377(11) 
N15 C34 1.253(10) 
 
O9 C77 1.451(14) 
N16 C35 1.401(10) 
 
O10 C78 1.408(15) 
N16 C37 1.343(10) 
 
O11 C79 1.439(13) 
N17 C36 1.369(10) 
 
O12 C80 1.491(15) 
N17 C37 1.339(9) 
 
O13 C81 1.361(19) 
N18 C27 1.457(10) 
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Table 6.S5 Bond Angles. 
Atom Atom Atom Angle/˚ 
 
Atom Atom Atom Angle/˚ 
O1 Dy1 N1 82.2(2) 
 
C22 N12 Dy2 117.9(5) 
O1 Dy1 N2 77.0(2) 
 
C22 N12 C21 119.3(7) 
O1 Dy1 N3 101.0(2) 
 
C23 N13 Dy2 115.3(5) 
O1 Dy1 N5 145.1(2) 
 
C25 N13 Dy2 139.4(5) 
O1 Dy1 N6 148.0(2) 
 
C25 N13 C23 104.6(6) 
O1 Dy1 N8 87.8(2) 
 
C24 N14 Cu1 126.7(5) 
O1 Dy1 N9 77.3(2) 
 
C25 N14 Cu1 128.0(5) 
N2 Dy1 N1 66.4(2) 
 
C25 N14 C24 105.2(6) 
N2 Dy1 N5 78.9(2) 
 
C33 N15 Dy2 119.2(5) 
N2 Dy1 N6 130.9(2) 
 
C34 N15 Dy2 117.7(5) 
N3 Dy1 N1 131.4(2) 
 
C34 N15 C33 122.7(7) 
N3 Dy1 N2 67.3(2) 
 
C35 N16 Dy2 113.9(5) 
N3 Dy1 N5 92.4(2) 
 
C37 N16 Dy2 142.3(5) 
N3 Dy1 N6 81.0(2) 
 
C37 N16 C35 103.8(6) 
N3 Dy1 N8 159.6(2) 
 
C36 N17 Cu3 128.9(5) 
N3 Dy1 N9 95.5(2) 
 
C37 N17 Cu3 125.8(5) 
N5 Dy1 N1 65.1(2) 
 
C37 N17 C36 105.1(6) 
N6 Dy1 N1 120.6(2) 
 
C27 N18 Dy2 119.2(6) 
N6 Dy1 N5 65.6(2) 
 
C28 N18 Dy2 119.7(6) 
N8 Dy1 N1 67.6(2) 
 
C28 N18 C27 120.9(8) 
N8 Dy1 N2 133.0(2) 
 
C29 N19 Dy2 117.7(5) 
N8 Dy1 N5 90.5(2) 
 
C31 N19 Dy2 139.6(5) 
N8 Dy1 N6 82.0(2) 
 
C31 N19 C29 102.7(6) 
N8 Dy1 N9 68.4(2) 
 
C30 N20 Cu4
1
 124.9(5) 
N9 Dy1 N1 131.7(2) 
 
C31 N20 Cu4
1
 128.9(5) 
N9 Dy1 N2 145.3(2) 
 
C31 N20 C30 105.0(6) 
N9 Dy1 N5 133.7(2) 
 
C39 N21 Dy3 114.2(5) 
N9 Dy1 N6 70.8(2) 
 
C39 N21 C51 109.8(7) 
O2 Dy2 N11 82.2(2) 
 
C45 N21 Dy3 104.1(5) 
O2 Dy2 N12 77.1(2) 
 
C45 N21 C39 111.3(7) 
O2 Dy2 N13 96.6(2) 
 
C45 N21 C51 110.9(7) 
O2 Dy2 N15 87.9(2) 
 
C51 N21 Dy3 106.3(5) 
O2 Dy2 N16 78.9(2) 
 
C40 N22 Dy3 118.2(6) 
O2 Dy2 N18 144.2(2) 
 
C41 N22 Dy3 120.4(6) 
O2 Dy2 N19 149.7(2) 
 
C41 N22 C40 121.4(8) 
N12 Dy2 N11 65.8(2) 
 
C42 N23 Dy3 116.6(5) 
N12 Dy2 N15 132.3(2) 
 
C44 N23 Dy3 139.3(5) 
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N12 Dy2 N18 77.9(2) 
 
C44 N23 C42 104.1(6) 
N12 Dy2 N19 128.2(2) 
 
C43 N24 Cu3 125.2(5) 
N13 Dy2 N11 132.7(2) 
 
C44 N24 Cu3 129.0(5) 
N13 Dy2 N12 67.8(2) 
 
C44 N24 C43 104.6(6) 
N13 Dy2 N15 159.8(2) 
 
C46 N25 Dy3 121.8(6) 
N13 Dy2 N16 93.7(2) 
 
C47 N25 Dy3 117.7(5) 
N13 Dy2 N18 97.2(2) 
 
C47 N25 C46 119.9(7) 
N13 Dy2 N19 81.6(2) 
 
C48 N26 Dy3 116.8(5) 
N15 Dy2 N11 67.3(2) 
 
C50 N26 Dy3 139.8(5) 
N15 Dy2 N18 90.3(2) 
 
C50 N26 C48 103.0(6) 
N15 Dy2 N19 84.6(2) 
 
C49 N27 Cu1 126.1(5) 
N16 Dy2 N11 131.6(2) 
 
C50 N27 Cu1 128.0(5) 
N16 Dy2 N12 147.5(2) 
 
C50 N27 C49 105.7(6) 
N16 Dy2 N15 67.8(2) 
 
C52 N28 Dy3 119.8(5) 
N16 Dy2 N18 132.7(2) 
 
C53 N28 Dy3 117.8(5) 
N16 Dy2 N19 71.1(2) 
 
C53 N28 C52 122.0(7) 
N18 Dy2 N11 64.3(2) 
 
C54 N29 Dy3 114.2(4) 
N19 Dy2 N11 121.1(2) 
 
C56 N29 Dy3 142.2(5) 
N19 Dy2 N18 65.3(2) 
 
C56 N29 C54 103.6(6) 
O3 Dy3 N21 81.3(2) 
 
C55 N30 Cu4 129.1(5) 
O3 Dy3 N22 144.2(2) 
 
C56 N30 Cu4 126.3(5) 
O3 Dy3 N23 149.7(2) 
 
C56 N30 C55 104.3(6) 
O3 Dy3 N25 77.3(2) 
 
C58 N31 Dy4 114.7(5) 
O3 Dy3 N26 98.0(2) 
 
C64 N31 Dy4 104.3(5) 
O3 Dy3 N28 88.2(2) 
 
C64 N31 C58 111.9(7) 
O3 Dy3 N29 79.3(2) 
 
C70 N31 Dy4 106.7(5) 
N22 Dy3 N21 65.2(2) 
 
C70 N31 C58 109.0(8) 
N22 Dy3 N23 65.4(2) 
 
C70 N31 C64 110.1(8) 
N23 Dy3 N21 122.2(2) 
 
C59 N32 Dy4 120.6(6) 
N25 Dy3 N21 65.1(2) 
 
C60 N32 Dy4 120.5(5) 
N25 Dy3 N22 77.5(2) 
 
C60 N32 C59 118.9(7) 
N25 Dy3 N23 128.1(2) 
 
C61 N33 Dy4 116.3(5) 
N26 Dy3 N21 131.7(2) 
 
C63 N33 Dy4 140.0(5) 
N26 Dy3 N22 95.4(2) 
 
C63 N33 C61 103.6(6) 
N26 Dy3 N23 80.6(2) 
 
C62 N34 Cu3
1
 124.1(5) 
N26 Dy3 N25 67.7(2) 
 
C63 N34 Cu3
1
 130.8(5) 
N26 Dy3 N28 160.5(2) 
 
C63 N34 C62 104.1(6) 
N26 Dy3 N29 94.6(2) 
 
C65 N35 Dy4 120.7(6) 
N28 Dy3 N21 67.3(2) 
 
C66 N35 Dy4 117.2(5) 
N28 Dy3 N22 90.1(2) 
 
C66 N35 C65 120.9(8) 
N28 Dy3 N23 84.7(2) 
 
C67 N36 Dy4 115.1(5) 
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N28 Dy3 N25 131.8(2) 
 
C69 N36 Dy4 140.5(5) 
N28 Dy3 N29 68.3(2) 
 
C69 N36 C67 103.9(7) 
N29 Dy3 N21 131.7(2) 
 
C68 N37 Cu2 126.6(5) 
N29 Dy3 N22 132.4(2) 
 
C69 N37 Cu2 129.2(5) 
N29 Dy3 N23 70.7(2) 
 
C69 N37 C68 104.3(7) 
N29 Dy3 N25 148.0(2) 
 
C71 N38 Dy4 119.8(6) 
O4 Dy4 N31 82.7(2) 
 
C72 N38 Dy4 117.8(6) 
O4 Dy4 N32 144.7(2) 
 
C72 N38 C71 122.0(8) 
O4 Dy4 N33 148.7(2) 
 
C73 N39 Dy4 113.2(5) 
O4 Dy4 N35 76.3(2) 
 
C75 N39 Dy4 141.5(5) 
O4 Dy4 N36 96.2(2) 
 
C75 N39 C73 105.2(6) 
O4 Dy4 N38 89.7(3) 
 
C74 N40 Cu4 129.4(5) 
O4 Dy4 N39 79.0(2) 
 
C74 N40 C75 104.3(6) 
N32 Dy4 N31 64.8(2) 
 
C75 N40 Cu4 125.9(5) 
N32 Dy4 N33 66.1(2) 
 
N1 C1 C2 111.1(7) 
N32 Dy4 N35 77.8(2) 
 
N2 C2 C1 109.7(6) 
N32 Dy4 N39 132.9(2) 
 
N2 C3 C4 117.9(7) 
N33 Dy4 N31 121.7(2) 
 
N3 C4 C3 119.5(7) 
N33 Dy4 N35 129.6(2) 
 
N3 C4 C5 108.3(6) 
N35 Dy4 N31 65.5(2) 
 
C5 C4 C3 132.1(7) 
N36 Dy4 N31 132.0(2) 
 
N4 C5 C4 108.8(7) 
N36 Dy4 N32 95.8(2) 
 
N3 C6 N4 114.7(6) 
N36 Dy4 N33 81.8(2) 
 
N1 C7 C8 114.6(7) 
N36 Dy4 N35 67.7(2) 
 
N5 C8 C7 107.0(7) 
N36 Dy4 N38 160.5(2) 
 
N5 C9 C10 119.8(7) 
N36 Dy4 N39 94.2(2) 
 
N6 C10 C9 116.9(6) 
N38 Dy4 N31 67.1(2) 
 
C11 C10 N6 109.1(6) 
N38 Dy4 N32 89.9(2) 
 
C11 C10 C9 133.7(7) 
N38 Dy4 N33 83.5(2) 
 
C10 C11 N7 108.3(7) 
N38 Dy4 N35 131.8(2) 
 
N6 C12 N7 114.1(7) 
N38 Dy4 N39 68.7(2) 
 
N1 C13 C14 110.4(7) 
N39 Dy4 N31 131.8(2) 
 
N8 C14 C13 106.4(7) 
N39 Dy4 N33 70.1(2) 
 
N8 C15 C16 119.1(8) 
N39 Dy4 N35 147.2(2) 
 
N9 C16 C15 120.2(7) 
N14
1
 Cu1 N14 174.5(3) 
 
C17 C16 N9 108.0(7) 
N27 Cu1 N14 90.2(3) 
 
C17 C16 C15 131.7(7) 
N27
1
 Cu1 N14 89.6(3) 
 
N10 C17 C16 108.8(7) 
N27 Cu1 N14
1
 89.6(3) 
 
N9 C18 N10 114.1(7) 
N27
1
 Cu1 N14
1
 90.2(3) 
 
N11 C20 C21 112.3(7) 
N27 Cu1 N27
1
 174.0(3) 
 
N12 C21 C20 108.9(7) 
N4
1
 Cu2 N4 174.0(4) 
 
N12 C22 C23 118.5(7) 
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N37 Cu2 N4
1
 88.9(3) 
 
N13 C23 C22 119.7(7) 
N37 Cu2 N4 91.0(3) 
 
C24 C23 N13 108.5(7) 
N37
1
 Cu2 N4
1
 91.0(3) 
 
C24 C23 C22 131.8(7) 
N37
1
 Cu2 N4 88.9(3) 
 
N14 C24 C23 108.2(7) 
N37
1
 Cu2 N37 177.5(4) 
 
N13 C25 N14 113.5(6) 
N10 Cu3 O5 93.7(3) 
 
N11 C26 C27 113.0(7) 
N10 Cu3 N17 171.7(3) 
 
N18 C27 C26 108.1(7) 
N10 Cu3 N24 90.2(2) 
 
N18 C28 C29 119.3(8) 
N10 Cu3 N34
1
 89.2(3) 
 
N19 C29 C28 117.9(7) 
N17 Cu3 O5 94.6(3) 
 
N19 C29 C30 110.0(7) 
N17 Cu3 N24 88.3(2) 
 
C30 C29 C28 132.2(8) 
N24 Cu3 O5 97.4(3) 
 
N20 C30 C29 107.5(7) 
N34
1
 Cu3 O5 96.5(3) 
 
N19 C31 N20 114.8(7) 
N34
1
 Cu3 N17 90.3(2) 
 
N11 C32 C33 111.5(7) 
N34
1
 Cu3 N24 166.2(3) 
 
N15 C33 C32 107.7(7) 
N7 Cu4 O6 97.8(3) 
 
N15 C34 C35 121.4(7) 
N7 Cu4 N20
1
 165.4(3) 
 
N16 C35 C34 118.9(7) 
N7 Cu4 N30 90.9(2) 
 
C36 C35 N16 108.2(7) 
N7 Cu4 N40 89.1(2) 
 
C36 C35 C34 132.6(7) 
N20
1
 Cu4 O6 96.7(3) 
 
N17 C36 C35 108.8(6) 
N20
1
 Cu4 N30 87.9(2) 
 
N17 C37 N16 114.0(7) 
N30 Cu4 O6 94.3(3) 
 
N21 C39 C40 113.6(7) 
N40 Cu4 O6 92.9(3) 
 
N22 C40 C39 108.6(7) 
N40 Cu4 N20
1
 90.2(3) 
 
N22 C41 C42 119.0(8) 
N40 Cu4 N30 172.7(3) 
 
N23 C42 C41 118.5(7) 
C19 O1 Dy1 134.8(6) 
 
C43 C42 N23 108.5(7) 
C38 O2 Dy2 135.3(5) 
 
C43 C42 C41 132.9(8) 
C57 O3 Dy3 134.5(6) 
 
N24 C43 C42 108.2(7) 
C76 O4 Dy4 131.9(6) 
 
N23 C44 N24 114.5(7) 
C1 N1 Dy1 103.8(5) 
 
N21 C45 C46 113.5(7) 
C7 N1 Dy1 114.6(5) 
 
N25 C46 C45 108.3(7) 
C7 N1 C1 111.4(7) 
 
N25 C47 C48 119.1(7) 
C13 N1 Dy1 107.2(5) 
 
N26 C48 C47 118.1(7) 
C13 N1 C1 107.8(7) 
 
C49 C48 N26 109.9(7) 
C13 N1 C7 111.5(7) 
 
C49 C48 C47 132.0(7) 
C2 N2 Dy1 120.9(5) 
 
N27 C49 C48 107.2(7) 
C3 N2 Dy1 118.0(5) 
 
N26 C50 N27 114.2(6) 
C3 N2 C2 120.0(7) 
 
N21 C51 C52 111.7(7) 
C4 N3 Dy1 115.5(5) 
 
N28 C52 C51 107.6(7) 
C6 N3 Dy1 139.9(5) 
 
N28 C53 C54 121.1(7) 
C6 N3 C4 103.9(6) 
 
N29 C54 C53 118.4(7) 
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C5 N4 Cu2 128.9(5) 
 
C55 C54 N29 108.5(6) 
C5 N4 C6 104.3(6) 
 
C55 C54 C53 133.0(7) 
C6 N4 Cu2 126.7(5) 
 
C54 C55 N30 109.0(7) 
C8 N5 Dy1 118.8(5) 
 
N29 C56 N30 114.6(7) 
C9 N5 Dy1 120.3(5) 
 
N31 C58 C59 112.6(7) 
C9 N5 C8 120.7(7) 
 
N32 C59 C58 107.0(7) 
C10 N6 Dy1 117.4(4) 
 
N32 C60 C61 119.1(8) 
C12 N6 Dy1 138.3(5) 
 
N33 C61 C60 117.8(7) 
C12 N6 C10 104.4(6) 
 
C62 C61 N33 109.4(7) 
C11 N7 Cu4 126.4(5) 
 
C62 C61 C60 132.8(8) 
C12 N7 Cu4 129.2(5) 
 
C61 C62 N34 108.1(7) 
C12 N7 C11 104.1(6) 
 
N33 C63 N34 114.9(7) 
C14 N8 Dy1 118.6(5) 
 
N31 C64 C65 112.2(8) 
C15 N8 Dy1 118.7(6) 
 
N35 C65 C64 110.4(7) 
C15 N8 C14 121.9(7) 
 
N35 C66 C67 119.6(8) 
C16 N9 Dy1 113.4(5) 
 
N36 C67 C66 119.3(8) 
C18 N9 Dy1 141.9(5) 
 
C68 C67 N36 108.4(7) 
C18 N9 C16 104.6(6) 
 
C68 C67 C66 132.1(7) 
C17 N10 Cu3 129.8(5) 
 
C67 C68 N37 108.6(7) 
C18 N10 Cu3 125.6(5) 
 
N36 C69 N37 114.7(7) 
C18 N10 C17 104.4(7) 
 
N31 C70 C71 112.0(8) 
C20 N11 Dy2 103.9(5) 
 
N38 C71 C70 108.0(8) 
C26 N11 Dy2 115.9(5) 
 
N38 C72 C73 120.3(8) 
C26 N11 C20 111.3(7) 
 
N39 C73 C72 119.9(7) 
C26 N11 C32 109.3(7) 
 
C74 C73 N39 107.8(7) 
C32 N11 Dy2 106.9(5) 
 
C74 C73 C72 132.2(8) 
C32 N11 C20 109.2(6) 
 
N40 C74 C73 108.9(7) 
C21 N12 Dy2 122.0(5) 
 
N39 C75 N40 113.8(7) 
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Table 6.S6 Torsion Angles. 
A B C D Angle/˚ 
 
A B C D Angle/˚ 
Dy1 N1 C1 C2 -58.3(8) 
 
N31 C58 C59 N32 -45.7(10) 
Dy1 N1 C7 C8 20.9(9) 
 
N31 C64 C65 N35 47.9(11) 
Dy1 N1 C13 C14 48.8(8) 
 
N31 C70 C71 N38 -58.6(11) 
Dy1 N2 C2 C1 -10.3(10) 
 
N32 C60 C61 N33 -3.1(12) 
Dy1 N2 C3 C4 -12.8(10) 
 
N32 C60 C61 C62 180.0(9) 
Dy1 N3 C4 C3 8.1(9) 
 
N33 C61 C62 N34 -0.3(9) 
Dy1 N3 C4 C5 -174.5(5) 
 
N35 C66 C67 N36 5.1(12) 
Dy1 N3 C6 N4 170.1(6) 
 
N35 C66 C67 C68 -178.6(9) 
Dy1 N5 C8 C7 50.4(8) 
 
N36 C67 C68 N37 -0.2(9) 
Dy1 N5 C9 C10 0.3(10) 
 
N38 C72 C73 N39 -1.4(13) 
Dy1 N6 C10 C9 3.5(8) 
 
N38 C72 C73 C74 -179.7(9) 
Dy1 N6 C10 C11 178.3(5) 
 
N39 C73 C74 N40 0.2(9) 
Dy1 N6 C12 N7 -177.2(5) 
 
C1 N1 C7 C8 -96.6(8) 
Dy1 N8 C14 C13 43.1(9) 
 
C1 N1 C13 C14 160.0(7) 
Dy1 N8 C15 C16 4.8(11) 
 
C2 N2 C3 C4 178.9(8) 
Dy1 N9 C16 C15 0.6(9) 
 
C3 N2 C2 C1 157.7(8) 
Dy1 N9 C16 C17 177.9(5) 
 
C3 C4 C5 N4 179.9(9) 
Dy1 N9 C18 N10 -177.1(6) 
 
C4 N3 C6 N4 1.4(9) 
Dy2 N11 C20 C21 -57.7(8) 
 
C5 N4 C6 N3 0.4(9) 
Dy2 N11 C26 C27 24.0(10) 
 
C6 N3 C4 C3 -180.0(7) 
Dy2 N11 C32 C33 48.8(8) 
 
C6 N3 C4 C5 -2.6(9) 
Dy2 N12 C21 C20 -12.3(11) 
 
C6 N4 C5 C4 -2.0(9) 
Dy2 N12 C22 C23 -7.1(11) 
 
C7 N1 C1 C2 65.6(9) 
Dy2 N13 C23 C22 5.6(10) 
 
C7 N1 C13 C14 -77.5(9) 
Dy2 N13 C23 C24 -173.5(5) 
 
C8 N5 C9 C10 176.8(7) 
Dy2 N13 C25 N14 170.7(6) 
 
C9 N5 C8 C7 -126.2(8) 
Dy2 N15 C33 C32 39.3(9) 
 
C9 C10 C11 N7 173.1(8) 
Dy2 N15 C34 C35 2.9(11) 
 
C10 N6 C12 N7 0.7(8) 
Dy2 N16 C35 C34 6.2(9) 
 
C11 N7 C12 N6 -0.9(8) 
Dy2 N16 C35 C36 -179.2(5) 
 
C12 N6 C10 C9 -174.9(7) 
Dy2 N16 C37 N17 178.4(6) 
 
C12 N6 C10 C11 -0.1(8) 
Dy2 N18 C27 C26 48.8(10) 
 
C12 N7 C11 C10 0.8(8) 
Dy2 N18 C28 C29 1.8(11) 
 
C13 N1 C1 C2 -171.8(7) 
Dy2 N19 C29 C28 3.2(9) 
 
C13 N1 C7 C8 143.0(7) 
Dy2 N19 C29 C30 -177.1(5) 
 
C14 N8 C15 C16 174.8(8) 
Dy2 N19 C31 N20 176.4(5) 
 
C15 N8 C14 C13 -126.9(9) 
Dy3 N21 C39 C40 24.3(10) 
 
C15 C16 C17 N10 177.0(8) 
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Dy3 N21 C45 C46 -58.5(8) 
 
C16 N9 C18 N10 -0.4(9) 
Dy3 N21 C51 C52 48.4(8) 
 
C17 N10 C18 N9 0.4(9) 
Dy3 N22 C40 C39 49.9(10) 
 
C18 N9 C16 C15 -177.2(7) 
Dy3 N22 C41 C42 -0.1(12) 
 
C18 N9 C16 C17 0.2(8) 
Dy3 N23 C42 C41 1.5(10) 
 
C18 N10 C17 C16 -0.3(9) 
Dy3 N23 C42 C43 -176.1(5) 
 
C20 N11 C26 C27 -94.4(9) 
Dy3 N23 C44 N24 176.3(5) 
 
C20 N11 C32 C33 160.6(7) 
Dy3 N25 C46 C45 -11.2(11) 
 
C21 N12 C22 C23 -177.4(8) 
Dy3 N25 C47 C48 -6.2(11) 
 
C22 N12 C21 C20 157.6(9) 
Dy3 N26 C48 C47 4.8(10) 
 
C22 C23 C24 N14 -178.6(9) 
Dy3 N26 C48 C49 -175.2(5) 
 
C23 N13 C25 N14 0.9(9) 
Dy3 N26 C50 N27 172.4(5) 
 
C24 N14 C25 N13 -0.6(9) 
Dy3 N28 C52 C51 39.7(9) 
 
C25 N13 C23 C22 178.4(8) 
Dy3 N28 C53 C54 0.6(10) 
 
C25 N13 C23 C24 -0.8(9) 
Dy3 N29 C54 C53 4.1(8) 
 
C25 N14 C24 C23 0.0(9) 
Dy3 N29 C54 C55 -178.5(5) 
 
C26 N11 C20 C21 67.7(9) 
Dy3 N29 C56 N30 178.7(5) 
 
C26 N11 C32 C33 -77.4(8) 
Dy4 N31 C58 C59 24.2(9) 
 
C27 N18 C28 C29 177.1(8) 
Dy4 N31 C64 C65 -57.5(8) 
 
C28 N18 C27 C26 -126.6(9) 
Dy4 N31 C70 C71 47.3(9) 
 
C28 C29 C30 N20 178.6(9) 
Dy4 N32 C59 C58 50.6(9) 
 
C29 N19 C31 N20 -2.2(9) 
Dy4 N32 C60 C61 -1.0(11) 
 
C30 N20 C31 N19 1.6(9) 
Dy4 N33 C61 C60 5.5(9) 
 
C31 N19 C29 C28 -177.8(7) 
Dy4 N33 C61 C62 -176.9(5) 
 
C31 N19 C29 C30 1.9(8) 
Dy4 N33 C63 N34 175.8(5) 
 
C31 N20 C30 C29 -0.3(9) 
Dy4 N35 C65 C64 -10.5(11) 
 
C32 N11 C20 C21 -171.5(7) 
Dy4 N35 C66 C67 -11.3(10) 
 
C32 N11 C26 C27 144.9(8) 
Dy4 N36 C67 C66 3.9(9) 
 
C33 N15 C34 C35 175.1(8) 
Dy4 N36 C67 C68 -173.2(5) 
 
C34 N15 C33 C32 -132.7(8) 
Dy4 N36 C69 N37 170.4(6) 
 
C34 C35 C36 N17 174.2(8) 
Dy4 N38 C71 C70 39.5(10) 
 
C35 N16 C37 N17 0.2(9) 
Dy4 N38 C72 C73 -0.5(12) 
 
C36 N17 C37 N16 0.2(9) 
Dy4 N39 C73 C72 2.4(9) 
 
C37 N16 C35 C34 -175.1(7) 
Dy4 N39 C73 C74 -178.9(5) 
 
C37 N16 C35 C36 -0.5(8) 
Dy4 N39 C75 N40 178.1(6) 
 
C37 N17 C36 C35 -0.5(9) 
Cu1 N14 C24 C23 176.7(5) 
 
C39 N21 C45 C46 65.0(10) 
Cu1 N14 C25 N13 -177.1(5) 
 
C39 N21 C51 C52 -75.6(8) 
Cu1 N27 C49 C48 174.4(5) 
 
C40 N22 C41 C42 176.8(9) 
Cu1 N27 C50 N26 -174.2(5) 
 
C41 N22 C40 C39 -127.1(10) 
Cu2 N4 C5 C4 174.9(6) 
 
C41 C42 C43 N24 -179.5(10) 
Cu2 N4 C6 N3 -176.7(5) 
 
C42 N23 C44 N24 -1.6(9) 
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Cu2 N37 C68 C67 179.4(5) 
 
C43 N24 C44 N23 0.2(9) 
Cu2 N37 C69 N36 -179.1(5) 
 
C44 N23 C42 C41 180.0(8) 
Cu3 N10 C17 C16 -175.9(6) 
 
C44 N23 C42 C43 2.3(9) 
Cu3 N10 C18 N9 176.3(5) 
 
C44 N24 C43 C42 1.3(9) 
Cu3 N17 C36 C35 -175.1(5) 
 
C45 N21 C39 C40 -93.3(9) 
Cu3 N17 C37 N16 175.0(5) 
 
C45 N21 C51 C52 161.0(7) 
Cu3 N24 C43 C42 -167.2(6) 
 
C46 N25 C47 C48 -177.4(8) 
Cu3 N24 C44 N23 168.1(5) 
 
C47 N25 C46 C45 159.7(9) 
Cu3
1
 N34 C62 C61 -169.7(5) 
 
C47 C48 C49 N27 -179.1(9) 
Cu3
1
 N34 C63 N33 169.1(5) 
 
C48 N26 C50 N27 -0.8(9) 
Cu4 N7 C11 C10 -172.7(5) 
 
C49 N27 C50 N26 1.4(9) 
Cu4 N7 C12 N6 172.3(5) 
 
C50 N26 C48 C47 179.9(7) 
Cu4
1
 N20 C30 C29 -169.0(5) 
 
C50 N26 C48 C49 -0.1(9) 
Cu4
1
 N20 C31 N19 169.7(5) 
 
C50 N27 C49 C48 -1.3(9) 
Cu4 N30 C55 C54 -172.9(5) 
 
C51 N21 C39 C40 143.5(8) 
Cu4 N30 C56 N29 173.9(5) 
 
C51 N21 C45 C46 -172.4(7) 
Cu4 N40 C74 C73 -173.8(6) 
 
C52 N28 C53 C54 173.2(8) 
Cu4 N40 C75 N39 174.1(5) 
 
C53 N28 C52 C51 -132.7(8) 
N1 C1 C2 N2 48.2(10) 
 
C53 C54 C55 N30 175.7(8) 
N1 C7 C8 N5 -44.2(10) 
 
C54 N29 C56 N30 -0.7(9) 
N1 C13 C14 N8 -61.7(10) 
 
C55 N30 C56 N29 0.0(9) 
N2 C3 C4 N3 3.2(12) 
 
C56 N29 C54 C53 -176.3(7) 
N2 C3 C4 C5 -173.5(9) 
 
C56 N29 C54 C55 1.2(8) 
N3 C4 C5 N4 3.0(10) 
 
C56 N30 C55 C54 0.8(8) 
N5 C9 C10 N6 -2.6(11) 
 
C58 N31 C64 C65 67.0(10) 
N5 C9 C10 C11 -175.7(8) 
 
C58 N31 C70 C71 -77.1(10) 
N6 C10 C11 N7 -0.4(9) 
 
C59 N32 C60 C61 177.7(8) 
N8 C15 C16 N9 -3.7(12) 
 
C60 N32 C59 C58 -128.1(9) 
N8 C15 C16 C17 179.7(9) 
 
C60 C61 C62 N34 176.8(8) 
N9 C16 C17 N10 0.1(9) 
 
C61 N33 C63 N34 -0.7(9) 
N11 C20 C21 N12 49.0(11) 
 
C62 N34 C63 N33 0.5(9) 
N11 C26 C27 N18 -45.5(11) 
 
C63 N33 C61 C60 -177.0(7) 
N11 C32 C33 N15 -59.5(9) 
 
C63 N33 C61 C62 0.6(8) 
N12 C22 C23 N13 0.9(13) 
 
C63 N34 C62 C61 -0.1(8) 
N12 C22 C23 C24 179.9(9) 
 
C64 N31 C58 C59 -94.3(9) 
N13 C23 C24 N14 0.5(9) 
 
C64 N31 C70 C71 159.9(8) 
N15 C34 C35 N16 -6.4(12) 
 
C65 N35 C66 C67 -178.8(8) 
N15 C34 C35 C36 -179.4(9) 
 
C66 N35 C65 C64 156.5(9) 
N16 C35 C36 N17 0.6(9) 
 
C66 C67 C68 N37 -176.7(8) 
N18 C28 C29 N19 -3.4(13) 
 
C67 N36 C69 N37 -0.5(9) 
N18 C28 C29 C30 177.1(9) 
 
C68 N37 C69 N36 0.5(9) 
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N19 C29 C30 N20 -1.0(9) 
 
C69 N36 C67 C66 177.5(7) 
N21 C39 C40 N22 -46.9(11) 
 
C69 N36 C67 C68 0.4(9) 
N21 C45 C46 N25 48.7(11) 
 
C69 N37 C68 C67 -0.2(9) 
N21 C51 C52 N28 -59.4(9) 
 
C70 N31 C58 C59 143.7(8) 
N22 C41 C42 N23 -1.0(14) 
 
C70 N31 C64 C65 -171.6(8) 
N22 C41 C42 C43 176.0(10) 
 
C71 N38 C72 C73 172.5(9) 
N23 C42 C43 N24 -2.3(10) 
 
C72 N38 C71 C70 -133.3(10) 
N25 C47 C48 N26 1.0(12) 
 
C72 C73 C74 N40 178.7(9) 
N25 C47 C48 C49 -178.9(9) 
 
C73 N39 C75 N40 -0.2(9) 
N26 C48 C49 N27 0.9(10) 
 
C74 N40 C75 N39 0.3(9) 
N28 C53 C54 N29 -3.3(11) 
 
C75 N39 C73 C72 -178.7(8) 
N28 C53 C54 C55 -180.0(9) 
 
C75 N39 C73 C74 0.0(9) 
N29 C54 C55 N30 -1.3(9) 
 
C75 N40 C74 C73 -0.3(9) 
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Table 6.S7 Hydrogen Atom Coordinates (Å×10
4
) and Isotropic Displacement Parameters (Å
2
×10
3
).  
Atom x y z U(eq) 
H5A -52 2995 3341 140 
H5B -598 2896 3081 140 
H6A 593 2950 3090 142 
H6B 861 2955 2526 142 
H1A 1162 4672 6328 66 
H1B 648 4499 6098 66 
H2A 690 4966 5616 63 
H2B 1312 4923 5496 63 
H3 538 5014 4654 54 
H5 239 4939 3503 54 
H6 490 4036 3443 51 
H7A 2163 4231 5897 65 
H7B 1998 4583 5971 65 
H8A 1936 4660 5044 65 
H8B 2471 4463 5118 65 
H9 2502 4095 4457 53 
H11 2463 3565 3729 51 
H12 928 3365 4012 45 
H13A 936 4052 6408 65 
H13B 1537 4117 6587 65 
H14A 1848 3742 5919 66 
H14B 1458 3579 6344 66 
H15 907 3251 5867 61 
H17 102 2919 5255 55 
H18 -224 3590 4207 50 
H19A -386 3822 5560 103 
H19B -463 4105 5963 103 
H19C 15 3869 6054 103 
H20A -3615 1170 3985 64 
H20B -3096 1323 4243 64 
H21A -2799 888 3784 72 
H21B -3133 976 3255 72 
H22 -2006 875 3220 62 
H24 -933 979 2815 58 
H25 -1013 1899 2796 46 
H26A -3998 1699 3090 68 
H26B -3967 1337 3190 68 
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H27A -3263 1281 2579 74 
H27B -3675 1504 2278 74 
H28 -3210 1883 1851 61 
H30 -2588 2397 1414 54 
H31 -1739 2537 2751 47 
H32A -3508 1777 4353 61 
H32B -4053 1735 4028 61 
H33A -3812 2155 3438 63 
H33B -3817 2271 4053 63 
H34 -3110 2610 4095 55 
H36 -2140 2957 4259 49 
H37 -1144 2303 3755 47 
H38A -1982 1989 4746 85 
H38B -2185 1683 5037 85 
H38C -2605 1929 4817 85 
H39A 599 1680 6524 71 
H39B 710 1320 6487 71 
H40A 136 1263 5755 73 
H40B -180 1472 6180 73 
H41 -624 1851 5709 65 
H43 -1059 2365 5081 55 
H44 265 2523 4239 46 
H45A 1521 1172 6138 69 
H45B 1763 1328 5609 69 
H46A 1341 889 5314 71 
H46B 816 965 5657 71 
H47 755 873 4522 58 
H49 314 975 3435 57 
H50 284 1895 3531 45 
H51A 1860 1789 6047 63 
H51B 1539 1736 6597 63 
H52A 934 2139 6358 62 
H52B 1530 2270 6369 62 
H53 1547 2619 5663 56 
H55 1714 2973 4677 49 
H56 1269 2310 3656 49 
H57A 2282 1986 4501 87 
H57B 2550 1701 4804 87 
H57C 2276 1970 5145 87 
H58A 3377 4208 291 75 
H58B 3430 4569 393 75 
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H59A 2501 4631 443 70 
H59B 2592 4412 -70 70 
H60 1962 4045 -70 58 
H62 1229 3527 13 49 
H63 1505 3359 1577 46 
H64A 3714 4720 1243 73 
H64B 3496 4563 1783 73 
H65A 2987 5002 1666 76 
H65B 2888 4928 1041 76 
H66 2037 5026 1794 59 
H68 947 4935 2164 57 
H69 952 4021 2056 53 
H70A 3860 4110 1562 80 
H70B 4040 4155 948 80 
H71A 3459 3751 673 76 
H71B 3865 3625 1121 76 
H72 3353 3275 1612 65 
H74 2756 2940 2420 57 
H75 1689 3606 2707 50 
H76A 3447 3935 2536 133 
H76B 2941 3904 2922 133 
H76C 3336 4189 2988 133 
H9A 1954 1391 4293 115 
H77A 2169 1401 3260 142 
H77B 1905 1671 3605 142 
H77C 1545 1398 3378 142 
H10 2538 4476 2819 159 
H78A 1623 4520 3019 132 
H78B 1860 4566 3611 132 
H78C 1965 4253 3293 132 
H11A -540 4339 5165 107 
H79A -577 4478 4151 106 
H79B -1148 4373 4366 106 
H79C -653 4144 4407 106 
H12A -1765 1378 4554 127 
H80A -904 1401 4008 147 
H80B -728 1321 4612 147 
H80C -1043 1632 4488 147 
H13 -1272 4476 5416 79 
H81A -1729 4854 5461 73 
H81B -1529 4857 6073 73 
H81C -2072 4688 5919 73 
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Table 6.S8 Atomic Occupancy.  
Atom Occupancy 
 
Atom Occupancy 
 
Atom Occupancy 
O14 0.5 
 
O18 0.5 
 
O15 0.5 
O19 0.5 
 
O13 0.5 
 
H13 0.5 
C81 0.5 
 
H81A 0.5 
 
H81B 0.5 
H81C 0.5 
      
 
 
 212 
 
Chapter Seven 
Conclusion and Future Work 
 
 
 
 
 
Design and synthesis of functional coordination cages present an active 
area of host-guest chemistry in molecule recognition and nanoreactors in 
catalysis of reactions.  
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7.1 Overview of the Present Study 
Several new metallo-supramolecular assemblies incorporating Schiff-base ligands 
containing multi-topic cores or tripodal units were designed and successfully 
synthesised as part of the research presented in this thesis. Several techniques were 
employed throughout to unambiguously characterise each complex, including FT-IR, 
NMR, SEM-EDS, solid-state UV-vis, Raman, and HR ESI-MS. Structural 
characterisations were conducted by performing single crystal X-ray diffraction studies 
using a Bruker kappa-II CCD diffractometer at the  University of New South Wales and 
the MX1 and MX2 beamlines at the Australian Synchrotron. Magnetic properties have 
been investigated using variable temperature magnetic susceptibility measurements, 
Mössbauer spectroscopy or VT-XPS. 
With regards to Chapter two and three, two new discrete metallo-supramolecular 
assemblies including an iron(II) SCO dinuclear cylinder and a tetrahedral SCO Fe(II) 
cage, were efficiently synthesized via metal directed-assembly. Their SCO 
behaviour was investigated by variable temperature magnetic susceptibility 
measurements, Mössbauer spectroscopy or VT-XPS. Reflecting that thiazolyimine 
functional groups give rise to a stronger ligand field than imidazolylimines, the 
iron(II) dinuclear cylinder prepared  showed a complete spin transition with a 
gradual-abrupt character at a high temperature (T1/2 = 348 K). 
A new discrete mononuclear Fe(II) tripodal complex incorporating thiazolyimine 
groups is described in Chapter four. Interestingly, the compound displays two-step SCO 
behaviour at T1/2 = 203 (the first step) and T1/2 = 166 K (the second step). At the 
intermediate phase where symmetry breaking occurs, six independent spin sites are 
present resulting in 3D spin-state patterning. 
Following the discussion of the metallo-ligand approach in the Introduction, 
Chapter five describes the design and synthesis of two new tetradentate tripodal 
ligands and their Cu(I) complexes. These complexes have mutually divergent 
coordination vectors that appear suitable for coordination to three different metal 
centres and hence are preorganized to act as new tripodal metalloligands for the 
construction of larger heteronuclear coordination cages. 
The first example of a heteronuclear cage structure is reported in Chapter six, 
incorporating Dy(III) as one of the metal ions composing the heteronuclear pair. 
Further, in contrast to the previous systems of this general type based on symmetrical 
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metallo-ligand building blocks, the present system involves the use of a non-symmetric 
metalloligand in a coordination cage system for the first time and leads to a square 
prismatic, box-like structure rather than the usual symmetrical cubic cage arrangement 
that is normal for such systems. This outcome clearly opens the way for the use of 
coordination sphere ‘tuning’ of the metal centre in a metallo-ligand as a means for 
modulating (and directing) the topology of the resulting cage in a systematic manner.  
7.2 Future Studies  
As discussed in this thesis, the design and fabrication of larger metallo-supramolecular 
assemblies with predicable architectures continues to receive much attention. However, 
this remains a substantial practical and intellectual challenge in terms of controlling the 
formation of materials with useful properties and functions. In particular, a better 
understanding is desirable of the underlying factors required for central cavities to 
promote the selective binding of guest molecules or the catalysis of reactions. These 
factors include the effect of variation of the size, shape and properties of the metallo-
supramolecular architectures needed to bind and discriminate between specific 
substrates. Each of the three sections given below report “work in progress”, they are 
included here to indicate the future directions in which aspects of the research outlined 
in previous chapters are proceeding. 
7.2.1 Investigation of coordination cages as nanoreactors 
For a particular cage to be useful for host-guest chemistry there is a careful balance 
between having a void volume of sufficient size and shape to effectively encapsulate a 
chosen guest, while simultaneously being sufficiently ‘closed’ to differentiate the cavity 
from the external environment.
1-3
 Based on the bis-bidentate ligands 1 and 2, two cages 
of type [Pd2L4]
4+
 should be prepared in an attempt to start to probe this phenomenon 
(see Figure 7.1). This should provide a more effective reactor for smaller molecules 
undergoing a reaction. 
 215 
 
 
Figure 7.1 Schematic representation of the preparation of cages 3 and 4 
7.2.2 Investigation of host-guest studies for a SCO Fe(II) cage 
A new [Fe4L6]
8+
 metallo-supramolecular cage with both anion-binding and spin-
crossover properties could be formed from a bis-4,4′-thiamidazole substituted biphenyl 
ligand (5). The reaction of this ligand with Fe(II) in a 3:2 ratio to produce a 
metallosupramolecular tetrahedron [Fe4L6]
8+
 that incorporates a tetrafluoroborate anion 
guest (Figure 7.2). Importantly, the size and shape of the tetrahedron is such that it 
should show strong and selective guest binding and provides an ideal platform for 
investigations correlating guest binding with magnetic properties. 
It will also be interesting in the future to investigate the role of an included anion or 
neutral molecule (for example, a small drug such as: ibuprofen or fluorouracil) on the 
variation on the [Fe4L6]
8+
 switching properties for application in a drug delivery 
system. 
4 4
1; L
2; L
3 4
 216 
 
 
Figure 7.2 Schematic representation of the preparation of a new SCO metallo-supramolecular 
tetrahedron ([Fe4L6]
8+
) from new ligand 5 and iron(II) and its modelling structure showing the 
included a BF4
-
 counter ion in a space-filling representation. 
7.23 Construction of a large heteronuclear nanocylinder prepared using 
a metallo-ligand approach 
As for several other systems discussed so far, this study focuses on discrete cage 
systems derived from three-fold metalloligands. The X-ray structure of the Cu(I) 
metallo-ligand (6) discussed in Chapter five, shows that the pendant pyridyl arms are 
arranged in a narrow tripodal manner in which the nitrogen donors are too close to 
point in the same direction and form a preorganised Cu(I)-containing metalloligand. 
However, in initial studies it has been shown to react with Ag(I) ions as a “difunctional 
connector” to form the large heteronuclear nanocylinder shown in Figure 7.3. Further 
investigations of this unusual metallocage are planned for the future. 
 
Figure.7.3 Schematic representation of the synthesis of the Cu(I)Ag(I) nanocylinder 
[Ag3Cu2L2]
5+
 from the Cu(I) metallo-ligand 6. 
6
4
[Fe4L6]
8+5; L Modelling structure of [Fe4L6]
8+
3
6; [CuL]+
[Ag3Cu2L2]
5+
2
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Beside the above potential applications, other dinuclear iron(II) SCO cylinders may 
be chosen for future studies involving binding to DNA. With respect to this, in earlier 
literature results,
4-6
 it was demonstrated by Hannon that a dinuclear low-spin iron(II) 
cylinder interacts with DNA in a number of ways as well as showing activity against 
cancer cell lines. It would be interesting to employ the SCO iron(II) cylinder described 
in Chapter two in DNA binding and cytotoxic studies and investigate what is difference 
in behaviour occurs between the HS and LS forms. Following the above, the large SCO 
iron(II) tetrahedral cage (Chapter three) has been prepared and is available for use in 
future host-guest association studies that will hopefully lead to molecular recognition 
that has practical application. 
Finally, the above preliminary results confirm that the design and synthesis of 
functional coordination cages remains a promising area of host-guest chemistry for 
molecule recognition and for the development of new nanoreactors for use in catalysis. 
A major thrust in terms of future work will be to optimize the synthesis of these types 
of metallo-supramolecular cages for use in real applications.  
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